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Modem maize (Zea mays L.) breeding is based on work conducted by 
Shull (1909) and East (1908). Concepts of selection and inbred line 
development are still being developed in both public and private breeding 
programs. Open-pollinated varieties of maize were used in production prior 
to the early 1900s (Hallauer et al., 1988). Grain yield levels remained 
relatively constant during this time because mass and ear-to-row selection 
procedures were not effective. Higher yielding three-way and double-cross 
hybrids became accepted by farmers in the early 1930s. Finally, single-
cross hybrids became predominant in about 1960. Since the acceptance of 
single-cross hybrids, the yield of U.S. maize has been steadily increasing. 
So, why has grain yield consistently increased over time? Genetic 
contributions from breeding to the gain in yield have been placed in the 
range of 56 to 89% (Hallauer et al., 1989). Important contributions to 
increased yield have been made by increased plant densities, nitrogen 
fertilizers, and pest control. Examining breeding, one could argue that 
recurrent selection populations have been the greatest contributors to 
increased yields over time. The release of lines such as B14, B37, and B73 
are prime examples of superior lines developed from recurrent selection 
programs in 'Iowa Stiff Stalk Synthetic'. 
Once a few good inbred lines had been developed through recurrent 
selection, the emphasis switched to making improved versions of these 
inbreds or second cycle lines. Second cycle breeding is now a common 
practice among maize breeders (Bauman, 1977). Second cycle breeding is 
characterized as the improvement of an elite inbred line through addition 
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of favorable alleles from a complimentary line. Two of the more important 
decisions in second cycle breeding are the choice of lines to include in 
the cross and type of segregating population to develop from the cross. 
Dudley (1987) and Gerloff and Smith (1988) have developed theory to aid in 
the choice of the best line to improve the parents of a single-cross 
hybrid. 
Dudley (1982) also developed theory with regard to the type of 
segregating population in which to initiate selection. Previous surveys had 
indicated that F2 and backcross generation populations were most frequently 
used in practice. Dudley generalized that the advantage of using backcross 
populations was dependent on the degree of dominance and the divergence of 
the parents. Dudley presented his theory based on the performance of the 
populations per se and assumed that epistasis was negligible. 
Melchinger (1987) also presented theory comparing F2 and backcross 
generation populations of maize. He based his models on the testcross 
performance of the populations and made special consideration for linkage 
and epistatic effects. Melchinger suggested that the choice of type of 
segregating population should be based on the distributions of testcrosses 
in the first segregating generation and usefulness (Schnell, 1983) 
estimates. Generally, the F2 population was superior when the Fg and 
backcross generation testcross means were not significantly different and 
the heritability and selection intensity were high. However, very little 
empirical evidence is available regarding Melchinger's theory. 
The ideal segregating population has a high mean for the trait of 
interest and adequate genetic variance to enable progress from selection. 
With elite by elite crosses, the Fg population is expected to be superior 
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in the absence of epistasis. Therefore, random mating the Fg population to 
increase the genetic variance should be advantageous. 
The objectives of this study are: 1) to provide empirical data 
comparing the testcross progenies of the Fg, Fg-Syn 8, and first backcross 
generations for means, genotypic variances, heritabilities, frequency 
distributions, selection responses, usefulnesses, and trait correlations; 
2) to examine the importance of epistasis in the generation testcrosses 
derived from inbred lines B73, B84, and Mol7; 3) to examine changes in the 
testcross population derived from the Fg after eight random mating 
generations; and 4) to recommend the superior type of segregating 
population to develop from the cross of elite inbred lines B73 and B84. 
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LITERATURE REVIEW 
Second Cycle Breeding 
Second cycle breeding in maize (Zea mavs L.) is a short-term breeding 
strategy characterized by the improvement of proven elite lines. Generally, 
the procedure begins with crossing two elite lines, which the breeder feels 
may be complimentary. A segregating population is then formed by either 
selfing the hybrid cross or mating it back to one of the original parents. 
Once the segregating generation is established, the breeder can begin a 
program of selfing and selection. Pedigree breeding with testcross 
performance selection is the common practice used among maize breeders. 
It has become widely accepted among maize breeders that the majority 
of effort in hybrid development is devoted to recycling elite inbreds. 
Bauman (1977) surveyed the maize industry and found that of the 25 most 
widely used public inbreds, 80%, or 20 of these were improved versions of 
already available elite inbreds. The number of recycled lines may have been 
even higher than shown by Bauman, since recoveries of widely used maize 
inbred B37 were not included in the survey. 
Bauman (1981) surveyed practicing maize breeders for what they felt 
should be occurring in the maize industry. He found that 76% of the 
breeders effort should be devoted to the development of inbreds and hybrid 
testing. Further, over half of that effort should be spent developing 
second cycle lines. 
Smith (1988) genotyped 138 hybrids currently used in U.S. maize 
production with isozymes and chromatography. Sixty-six of the hybrids were 
placed into just 10 groups according to the similarity of their genotype to 
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known elite line crosses as determined by Modified Rogers' Distances, Based 
on biochemical data, Smith concluded that U.S. maize production and 
breeding is heavily dependent on the usage of inbred lines B73, A632, Oh43, 
Mol7, and near derivatives of these lines. 
These surveys show that maize breeders believe elite inbreds can be 
improved by the addition of a favorable trait or traits to the existing 
genotype. They also show that improvement of established inbreds is an 
integral part of a successful breeding program, including selection of 
improved source populations and development of "new" inbreds (Bauman, 
1977). 
An important key to the success of a recycling program is the proper 
choice of parental germplasm. The major points to consider in the choice of 
germplasm include, (1) the selection of parental lines, and (2) the type of 
population to establish from the parental lines (Melchinger et al., 1988). 
Dudley (1984) presented a method (/xG) for the identification of lines 
for improvement of a single cross. Various candidate lines are crossed to 
the parents of the single cross of interest. These hybrids and lines per 
se are then evaluated in yield trials. Dudley derived linear equations for 
classes of loci containing combinations of favorable and unfavorable 
alleles originating from the parent and the candidate lines. Solution of 
these linear equations, using information from yield trials, predicts the 
best line to use in the improvement of the single-cross hybrid. 
Other methods proposed for identification of candidate lines include: 
testcrosses to populations (Abel, 1989), testcrosses to single crosses 
(Kramer and Ullstrup, 1959: Stuber, 1978), testcrosses to inbred lines 
(Burton and Davies, 1984), and the upper bound statistic (Gerloff and 
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Smith, 1988). Pfarr and Lamkey (1992), in an evaluation of these methods, 
concluded that the upper bound and Dudley's modified estimator (fiG*) 
(Dudley, 1987) equally predicted the best parents to use in improving the 
single-cross hybrid. They further concluded that the upper bound estimator 
was easier to obtain and would be more practical in applied situations. 
The estimator /iG*, however, provides additional information about the 
relative relationships among the tested lines (Zanoni and Dudley, 1989). 
Once the parental sources are chosen, the next decision regards the 
type of population to develop from the parental lines. The ideal population 
would have a high mean for the trait of interest while containing adequate 
genetic variance for further improvement of the population with selection. 
Bauman (1981) listed possible types of populations as: broad-base, narrow-
base, elite inbred synthetic, double cross, single cross, related line 
cross, one backcross, and two backcross populations. Of those listed, the 
broad-base population would be used in a long-term recurrent selection 
program, but would not be a choice in a recycling program. The percentage 
of effort that was devoted to the remaining short-term types of populations 
was categorized as follows: 37% to single and related line crosses, 17% to 
one and two backcrosses, and 14% to elite inbred populations (elite inbred 
synthetics), 
Darrah and Zuber (1986) also surveyed maize breeders and reported 
results similar to Bauman (1981). Breeders reported that single crosses 
made up 41.8% and backcrosses made up 20.1% of the parental source 
populations used for development of new inbred lines. The survey also 
revealed that a considerable amount of recycling effort was devoted to a 
few exceptional inbred lines such as B73, A632, and Oh43. Thus, we can 
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conclude that a majority of second cycle breeding programs utilize Fg and 
backcross generation populations. 
Dudley (1982) developed theory regarding the type of segregating 
population in which to initiate selection. The theory derived was based on 
the incorporation of favorable alleles from exotic germplasm into adapted 
populations. The results, however, were easily applied to the improvement 
of an inbred line by adding favorable alleles from another inbred line. 
Given that the goal of maize breeders is the identification of inbred lines 
to be used as hybrids, the objective was to find the generation most 
rapidly attained where the proportion (25%) of homozygous lines with means 
greater than that of the best line is great enough to allow the breeder a 
reasonable opportunity to identify a superior line. Computer simulation 
results showed that the Fg generation was superior when the two parental 
lines were equal in performance regardless of the degree of dominance. 
Backcrossing became more advantageous as the differences in the performance 
of the two lines became larger. However, cycles of selection lessened the 
advantage of backcrossing to the point where the backcross generation was 
equal in performance to the Fg. With partial and complete dominance, more 
cycles of selection were required to produce equal performance in the 
backcross and Fg generations. Dudley generalized that "... as the degree of 
dominance increases and as the parents become more diverse the advantages 
of additional generations of backcrossing before initiation of selection 
increase." And in every situation with the exception of equal performance, 
some level of backcrossing to the superior parent was advantageous. These 
results agreed well with previous theoretical work done by Ho and Comstock 
(1980) and Bailey (1977). Assumptions of the computer simulation were: 
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equal selection intensities among the generations, adequate effective 
population sizes, epistasis was relatively unimportant, and parents were 
homozygous. 
To aid in the choice of type of population to use, Melchinger (1987) 
derived the expectations of means and variances of testcross progeny 
produced from parental, Fg, and backcross generations. Melchinger's models 
made special consideration for linkage and additive by additive digenic 
epistasis while making these assumptions: 1) normal diploid behavior at 
meiosis, 2) no gametic or zygotic selection, 3) no mutation, 4) 
recombination frequencies are the same in the male and female gametogenesis 
and independent of the cytoplasm and genetic background, and 5) epistatic 
interactions among three or more loci are absent. In the absence of 
epistasis, the testcross mean of the various generations is a linear 
function of the percentage of germplasm from the two parents. With digenic 
epistasis, this relationship becomes non-linear and the direction of the 
curve is dependent on the abundance of coupling and repulsion phase 
linkages (Figure 1). 
The contribution of epistatic effects to testcross performance can 
then be estimated by a comparison of the average testcross mean of the 
parents to the testcross mean of the Fg generation. A second estimate of 
epistasis is obtained by comparing the average testcross mean of the 
backcross generations to the testcross mean of the Fg, the backcross 
estimate of epistasis equaling one-fourth the parental estimate. Positive 
values of epistatic contributions are obtained when there is net coupling 
linkage with complimentary epistasis or net repulsion linkage with 
duplicate epistasis. Negative values are obtained when there is net 
Coupling linkage 
& Complimentary epistasis 
or 
Repulsion linkage 
& Duplicate epistasis^ 
No epistasis Coupling linkage 
& Duplicate epistasis 
or 
Repulsion linkage 
& Complimentary epistasis 
PI BC1 F2 BC2 
GENERATION 
P2 
1. Regression of expected testcross mean on generation for no 
epistasis, positive epistasis, and negative epistatis, 
calculations were based on (d?) - 2 and (i?) - ±1 
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coupling linkage with duplicate epistasis or net repulsion linkage with 
complimentary epistasis. Caution should be used when evaluating epistasis 
calculated on means, because only net epistatic effects can be detected and 
the canceling of individual effects may cause a lack of detection of 
epistasis. 
Melchinger (1987) also derived the genotypic testcross variance for 
various scenarios of epistasis and linkage. Genotypic variances between the 
testcrosses produced with backcrosses to Parent 1 or Parent 2 are equal 
when epistasis is absent. Also under no epistasis, the backcross genotypic 
variance is half the genotypic variance in the Fz generation. With 
epistasis, the genotypic variances of the backcross generations may differ 
and their pooled value may exceed half the genotypic variance of the Fg 
generation. 
Melchinger (1987) concluded his paper by pointing out that the choice 
among generations in which to initiate selection could be made based on the 
distributional properties of the first segregating generation. For further 
aid, he suggested that the "usefulness" statistic (Schnell, 1983) be 
employed. The usefulness statistic allows for differences in means, genetic 
variances, and heritabilities, as well as the selection intensity to be 
applied to the population being selected. 
Melchinger et al, (1988) conducted an experiment comparing types of 
populations for means, genotypic variances, heritabilities, selection 
responses, trait correlations, and breeding prospects using methods derived 
by Melchinger (1987). Parental, Fg, and first backcross generations were 
developed from two homozygous lines and crossed to a single-cross tester. 
Genetic components were estimated by fitting observed means to models 
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testing for linkage and digenic epistasis. Results indicated that the 
nonepistatic model accounted for approximately 98% of the variation among 
testcross progenies for grain yield. Addition of the epistatic terra to the 
model raised the coefficient of determination to 99%. Comparison of genetic 
variances between F2 and backcross generations confirmed the fit of the 
nonepistatic model. Theory indicates that the ratio of BC;F2 genetic 
variances is 0.5 and that the two backcross generations have equal genetic 
variances in the absence of epistasis. Likewise, phenotypic and genotypic 
correlations among traits should be equal among the generations. Melchinger 
et al. (1988) concluded that although epistasis was statistically 
significant, its relative importance was minor. With regard to choice of 
type of population, F2 testcrosses generally had lower means but greater 
predicted selection responses. Employing Schnell's (1983) usefulness 
criterion, the Fg population was superior when: 1) the difference between 
the Fg and best backcross testcrosses were small, 2) the heritability of 
the trait under selection was high, and 3) a high selection intensity was 
used. 
Conclusions drawn from Melchinger et al. (1988) are limited because 
grain yield data were collected at only three locations in one year in 
Europe. Thus, we can assume that estimates obtained from the study contain 
some degree of genotype by environment interaction bias. The study is 
important however, because it provides the first empirical data regarding 
the effect of epistasis in the hybrid performance of lines derived from Fg 
and backcross populations used in second cycle breeding. 
The future of second cycle breeding may receive aid from current 
research in the area of molecular genetics and biology. Hallauer (1990) 
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points out in his review that restriction fragment length polymorphisms can 
be used to determine the amount of genetic recombination that occurs in 
crosses of certain lines. These rates of recombination can then be applied 
to help determine the appropriate type of population to develop and the 
necessary sample size to use with the lines being considered. On an even 
grander scale, the area of genetic engineering may lead to second cycle 
breeding being obsolete for improvement of certain traits. 
Epistasis and Epistatic Variance 
Epistasis is commonly defined as any interaction between or among 
alleles at nonhomologous loci. The main types of epistasis in maize (Horner 
et al., 1955) are complementary, duplicate, multiplicative, and minimum 
number. These types can be illustrated with two loci as follows (Bauman, 
1959): 
Complimentary AAbb - 0 aaBB - 0 AABB - 10 
Duplicate AAbb - 10 aaBB - 10 AABB - 10 
Multiplicative AAbb = 10 aaBB - 10 AABB - 30 
Minimum Number AAbb - 15 aaBB - 15 AABB - 20 
Characterization of additive, dominance, and epistatic gene effects are 
important to maize breeders because they may add to the understanding of 
inbreeding depression as well as heterosis. Fisher (1918) is credited with 
being the first to show that total genetic variance could be partitioned 
into additive, dominance, and epistatic variances. Wright (1935) applied 
the effects of epistasis in specified cases of dominance to correlations 
between relatives. Cockerham (1954) and Kempthorne (1955) then divided the 
epistatic variance into its factorial components of genetic variance based 
on covariances among relatives. Another method of estimating epistasis, 
generation means analysis, was first developed by Mather (1949). Since its 
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introduction, generation means analysis has had several revisions. Hayman 
(1958) most notably examined the problem of separating additive and 
dominance variation when epistasis is present. 
The présence of epistasis has long been thought to be an important 
source of variation in many traits of many autogamous species. Hanson and 
Weber (1961) found significant additive by additive epistasis in percent 
oil in soybean. Brim and Cockerham (1961) also reported additive by 
additive epistasis in soybean for maturity, height, percent protein, and 
percent oil. Tobacco was found to have significant epistatic effects for 
plant height (Matzinger, 1968; Matzinger et al., 1960), leaf length 
(Matzinger et al., 1960), and corolla traits (Daly and Robson, 1969). 
Cultivated strawberry, an asexual species, was also found to have 
significant epistatic variances for several traits (Comstock et al., 1958; 
Watkins and Spangelo, 1968). 
Epistasis and its estimation has also received a substantial amount 
of research in maize. Bauman (1959) made one of the first attempts at 
estimating epistasis in maize. He used selected homozygous lines crossed to 
a homozygous tester to produce single and three-way crosses. Deviation of 
the three-way cross from the average of the two single crosses was 
considered an estimate of epistasis. Although significant epistatic 
deviations were detected in individual years, the combined analysis 
rendered no significant effects. He reasoned that sufficient degrees of 
freedom were not available to detect epistatic effects in the combined 
analysis. He concluded that epistasis was a factor in determining yield, 
ear height, and kernel row number. Some of the major limitations to his 
work were listed as: 1) only net epistasis could be detected, 2) only a 
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minimum amount of epistasis was estimated, 3) the type of epistasis was not 
determined, 4) linkage could affect estimates of epistasis, 5) the test was 
only a qualitative demonstration of the presence of epistasis, and 6) 
normal meiosis and segregation were assumed. 
Gorsline (1961), using the same model as Bauman (1959), studied the 
presence of epistasis in inbred lines and its interaction with testers and 
environments. He found that the presence of epistasis was dependent on the 
tester used in making the cross. He did conclude, however, that the 
presence of epistatic gene action was common among the crosses and traits 
studied. He also proposed that broadening the genetic base by introducing 
new alleles, i.e. double-double crosses, would either produce new epistatic 
effects or dilute net epistatic effects. Gorsline found both situations in 
the populations. He concluded that epistasis by environment interactions 
were important and should be considered when designing experiments to 
estimate epistasis. 
Sprague et al. (1962) conducted a study similar to Bauman (1959) and 
Gorsline (1961) on the effects of epistasis on grain yield in maize. The 
comparison of single and three-way crosses produced from inbred lines 
revealed significant deviations of observed from expected yields in 13 of 
the 60 combinations tested over two years. They suggested that the intense 
single cross selection programs that produced the inbred lines may not only 
be selecting for additive and dominance effects, but may also be selecting 
for epistatic interactions. Admittedly, the magnitude of the epistatic bias 
was undeterminable, but together with Bauman's (1959) results, they 
concluded that epistasis may be of some importance in determining yield 
potential in commercial hybrids. 
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Eberhart et al. (1964) re-examined the Sprague et al. (1962) data for 
prediction of double-cross performance. They concluded that combinations of 
loci having favorable epistatic effects were selected for, and fixed, in 
the procedures used in deriving the homozygous. The lines used in the 
experiment were developed through selection for high average combining 
ability. The bias due to epistatic effects, however, was not as important 
as the genotype by environment interaction and plot error. 
A model including epistasis developed by Eberhart and Gardner (1966) 
was then applied by Eberhart and Hallauer (1968) to many of the same lines 
used by Sprague et al. (1962) and Eberhart et al. (1964). They found that 
epistatic effects and/or additive by additive epistasis with linkage were 
present in the populations. The study also showed that there was little 
epistasis by environment interaction. The greatest hinderance to prediction 
of three-way and double-cross yields was genotype by environment 
interaction. Therefore, the authors suggested that simpler models using 
single crosses to predict three-way and double-cross yields, excluding 
epistatic effects, be used in practice. 
Gamble (1962) pointed to research done by Anderson and Kempthorne 
(1954), Gamble (1957), Hayman (1957, 1958), and Jinks (1955) indicating 
that epistatic gene effects may be of sufficient magnitude to be considered 
important factors. Gamble (1962) evaluated the per se performance of six 
generations developed from inbred lines. The parental lines, Fj, Fg, and 
first backcross generations were evaluated in a generations means analysis 
developed by Hayman (1958) and Anderson and Kempthorne (1954), Dominance 
genetic effects accounted for the majority of the variation for grain 
yield. Additive by additive and additive by dominance effects were the most 
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important epistatic effects. Additive effects, however, were found to be of 
little importance contrary to earlier reports by Robinson et al. (1949, 
1955) and Robinson and Comstock (1955). The discrepancy was partly 
attributed to Robinson et al. evaluating open-pollinaCad populations and 
Gamble evaluating homozygous lines. Gamble postulated that the importance 
of additive variance is reduced for materials that have undergone 
selection. He recommended that reciprocal recurrent selection be used to 
fully utilize both additive and nonadditive genetic effects during 
population improvement. 
Eberhart et al. (1966) estimated epistasis using covariances to 
eliminate the possibility of canceling positive and negative effects. 
Genetic materials were random lines derived from two open-pollinated 
varieties ('Jarvis Golden Prolific' and 'Indian Chief') in design I and II 
mating designs. Their results indicated that additive genetic variance was 
the most important component of genetic variation for all traits. Dominance 
genetic variance, however, contributed significantly to grain yield. 
Epistatic genetic variance was not an important source of genetic variation 
with the exception of grain yield in Indian Chief. Given that additive gene 
action was the most important source of variation, Eberhart et al. 
suggested using mass selection, Sj progeny testing, or half-sib family 
selection to improve the two populations. 
Stuber et al. (1966) studied the genetic variance in the 
interpopulation cross of Jarvis Golden Prolific and Indian Chief. Design I 
and II mating designs were used to develop half-sib and full-sib progeny 
for evaluation. Their results showed that additive and dominance genetic 
variances were the most important components of the total genetic variance. 
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Epistatic variance contributed little to the total genetic variance. The 
authors, however, noted that the statistical models could place some of the 
nonallelic interactions into the additive and dominance components. They 
concluded that since epistatic variance was not important in the 
interpopulation, the standard procedures would be appropriate for 
estimating selection response. 
Sprague and Thomas (1967) evaluated unselected lines from the maize 
variety Midland. Their objective was to determine whether detection of 
epistasis in previous studies was due to the eliteness of germplasm or the 
model invoked in estimation. Studies using least squares estimation of 
variance components generally did not find epistasis to be important. 
Conversely, studies using generation means found significant estimates of 
epistasis. Likewise, experiments using elite materials had a higher 
frequency of significant epistatic effects than experiments using noninbred 
or randomly derived lines. They found that their unselected lines had 
magnitudes of epistasis comparable to studies using selected lines. They 
concluded that differences in the significance of estimates of epistasis 
was dependent on the model. Further, the occurrence of epistatic effects 
was not due to the selection of lines based on hybrid performance. The 
authors concluded that epistatic effects, although present in the lines, 
were not important sources of bias to the prediction of double-cross 
yields. 
Another open-pollinated variety, Reid Yellow Dent, also had 
nonsignificant estimates of epistatic variances (Chi et al., 1969). 
Regression analysis showed that dominance variance comprised the major 
portion of total genetic variance for yield and plant height. Additive 
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variance constituted the majority of total genetic variance for ear height, 
ear length, and kernel weight. High correlations among the coefficients of 
the genetic parameters, however, was noted as reducing the sensitivity of 
the least squares procedure to epistatic variance. 
Stuber and Moll (1971) compared unselected with selected lines for 
estimates of epistasis. Jarvis and Indian Chief served as source 
populations for the study. Random inbred lines were developed from the 
original populations (unselected) and from the improved populations after 
three cycles of reciprocal recurrent selection (selected). They found that 
the unselected lines had a greater frequency of epistasis than selected 
lines for grain yield. The reverse was true, however, for nearly all other 
measured traits. They concluded that epistatic effects were significant for 
both the selected and unselected populations of Jarvis and Indian Chief. 
Stuber and Moll also pointed out that estimates of epistatic effects are 
conservative because regression analysis can allow both additive and 
dominance mean squares to contain some epistatic effects when epistasis is 
present. Therefore, the comparison of relative importance of additive, 
dominance, and epistatic effects should be made with the above realization. 
Previous research in flax (Yermanos and Allard, 1961) had suggested the 
origin of epistasis may be from the interaction of nonallelic genes with 
environments. Stuber and Moll were unable to detect this interaction in 
their populations. Stuber and Moll also concluded that three cycles of 
reciprocal recurrent selection had no detectable effect on the magnitude of 
variation attributable to epistasis. 
Stuber et al. (1973) looked at how epistasis in the selected and 
unselected populations could affect the prediction of hybrid yields. Using 
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the same populations as Stuber and Moll (1971), they conducted means 
analyses to test the model predicting three-way and double-cross yields. 
Selection in the populations was determined to have changed both additive 
and non-additive genetic effects. Epistasis and genotype by environment 
interactions introduced the greatest bias for accurate prediction of hybrid 
combinations. Bias due to genotype by environment interactions, however, 
could be diminished with testing over more locations and years. They 
concluded that single cross estimation of three-way and double-cross 
performance was adequately efficient when compared to an estimation model 
accounting for epistasis (Eberhart, 1964). 
Wright et al. (1971) used unweighted least squares and maximum 
likelihood procedures to estimate the components of genetic variance in 
unselected lines developed from the open-pollinated variety Krug Yellow 
Dent. They found that additive variance accounted for the greatest 
proportion of total genetic variance for yield and other traits. Dominance 
variance accounted for a smaller percentage of the total genetic variance. 
Epistatic components, although statistically significant, were considered 
negligible and not an important source of bias in the prediction of 
expected gain from selection. Comparison of the two estimating procedures 
showed that maximum likelihood tended to reduce the errors associated with 
the estimates. 
Darrah and Hallauer (1972) compared genetic components estimated from 
first cycle lines, second cycle lines, poor lines, and good lines by 
generation mean analysis. The study showed that poor and second cycle lines 
exhibited higher levels of epistasis than good and first cycle lines. The 
authors reasoned that this was expected because second cycle inbreds were 
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selected from improved varieties and were more likely to have specific 
favorable epistatic and dominance relations. Poor inbreds exhibited 
epistasis because they had excellent performance in specific combinations 
but poor performance in general. Significant epistasis by environment 
interactions and higher order epistatic effects were also detected. 
Stuber and Moll (1974) studied the importance of epistasis for hybrid 
predictions using lines from Jarvis Golden Prolific and Indian Chief 
selected for high yield performance in single-cross combinations. Analysis 
of genetic variability showed epistasis was not an important contributor to 
grain yield. Means comparisons of single versus three-way and double 
crosses, however, did indicate that significant deviations from predicted 
values were attributable to epistasis. Lastly, Stuber and Moll showed that 
genotype by environment interactions had greater influence on deviations 
from predicted values than epistasis. 
Silva and Hallauer (1975) studied the importance of epistasis in 
'Iowa Stiff Stalk Synthetic' (BSSS). The study of BSSS per se was important 
because it has been the source for many widely used inbred lines (i.e. B14, 
B37, and B73). The experiment utilized full-sib and half-sib progenies 
developed from design I and II mating designs. Results showed that 
epistatic variance was not an important source of variation for yield in 
BSSS. Models including only additive genetic variance accounted for 
approximately 93% of the total variation while dominance models raised this 
value to approximately 99%. No further improvement in the fit of the model 
was obtained through addition of digenic epistasis. Variance due to 
dominance deviations had a larger value per se than did additive genetic 
variance while having less environmental interaction. Silva and Hallauer 
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also compared weighted least squares and maximum likelihood methods of 
estimating components of variance. They concluded that the least squares 
analysis method was simpler and gave adequate results. 
Schnell and Singh (1978) evaluated the importance of epistasis in 
flint and dent 'elite' inbred lines in central Europe. Based on the 
deviations of three-way cross yields from single-cross yields, they found 
that both flint and dent lines exhibited epistatic effects. Results of 
their study were shown to be similar to studies conducted in the United 
States using only dent germplasm. 
Moreno-Gonzalez and Dudley (1981) evaluated elite lines developed 
from Iowa Stiff Stalk Synthetic and 'Lancaster Sure Crop'. Eight 
generations, including random mated, selfed, and backcrossed lines, were 
developed using the elite lines as parents. The progeny were evaluated by 
generation mean analysis, diallel analysis, and Bauman's (1959) detection 
of epistasis method. Generation mean analysis showed that dominance effects 
were positive and were the greatest contributor to performance of all 
traits in the study. Additive effects, calculated as half the difference 
between the mean of the parents, were not as important when compared to 
dominance effects. Epistatic effects were also smaller than dominance 
effects with additive by dominance epistatic effects contributing the 
least. Diallel analysis revealed significant variation due to additive, 
dominance, and epistatic effects for all traits. Dominance effects were 
again the most important contributor to yield performance. Epistatic 
effects were small when compared to additive and dominance effects and 
significant epistasis by environment interactions were detected. Bauman's 
method revealed the overall epistatic mean for yield was positive and 
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significant. Three-way cross mean yields differed from single-cross means 
by an average of 4%. The authors explained that the difference may be due 
to the two generations of random mating enabling recombination. Although 
all three methods detected epistasis, generation mean analysis was 
considered a poor estimator of additive effects. Diallel analysis gives 
better estimates of additive effects, but may not give appropriate 
estimates of epistasis. Although significant epistatic effects were 
detected in the study, the importance of epistasis was considered minor 
when compared to dominance effects. 
Melchinger et al. (1986) conducted a study similar to Moreno-Gonzalez 
and Dudley (1981) by evaluating genetic effects with generation mean 
analysis, diallel analysis, and comparison of single and three-way cross 
methods in Europe. Results were also similar in that dominance was found to 
be the major contributor to performance. Epistasis, although significant, 
was not an important source of variation. Diallel analysis indicated that 
favorable gene combinations had been disrupted by recombination in the 
segregating generations as indicated by negative estimates of additive by 
additive epistasis. 
Some generalizations can be made to summarize the literature on 
epistasis. Most experiments attempting to measure epistasis utilized 
generation mean analysis, variance component estimation, or deviation of 
three-way cross means from single-cross means. Estimates of epistasis based 
on means generally have found significant epistasis in the materials. 
Conversely, the estimates obtained through analysis of variance have been 
non-significant. The germplasm examined in the experiments have been either 
lines derived from open-pollinated varieties or elite inbred lines. Open-
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pollinated varieties have shown a tendency for additive effects to have the 
greatest contribution to variation in a trait. Elite inbred lines, however, 
have shown a greater dependence on dominance and epistatic effects. All 
experiments with the exception of Melchinger et al. (1988), were conducted 
using generations per se. Little empirical evidence is available on the 
importance and expression of epistatic effects in testcrosses. 
Effects of Intermating and Linkage 
A basic step of second cycle breeding, whether using F2 or backcross 
populations, is the crossing of selected homozygous lines to create initial 
variability. Because homozygous lines are used, the derived population is 
in linkage disequilibrium. Sprague (1963) indicated that gametic phase 
disequilibrium may be a limit to progress from selection in Fg and 
backcross populations. Random mating of individuals within the derived 
population before selfing (Hanson, 1959) has been suggested to move the 
population toward linkage equilibrium. Random mating will theoretically 
break up unfavorable linkage blocks. This gives the breeder a greater 
probability of selecting an individual containing a greater percentage of 
favorable alleles from each of the original parents. Conversely, breaking 
existing favorable linkage blocks would decrease the breeders probability 
of selecting a superior line. 
Altman and Busch (1984) examined the effects of intermating in spring 
wheat. They used three single cross populations chosen for a high yield 
potential and adequate grain protein percentage at 5 levels of intermating. 
Results showed that intermating did not influence the mean performance 
consistently. Recombination was not enhanced by intermating as no superior 
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recombinants could be identified in the random mated populations. They 
concluded that random intermating was not warranted before initiating 
selection. 
Melchinger (1984) studied the effects of recombination in flint and 
dent elite line crosses of maize. Results showed that recombination tended 
to reduce the mean performance and increase the genetic variance. The 
probability of recovering a superior line, however, was also lower in the 
recombined population. Gametic phase disequilibrium and additive by 
additive epistatic effects fixed in the parent populations were given as 
probable causes of the above results. 
Covarrubias-Prieto et al. (1989) evaluated related and unrelated Fg 
and Fg-Syn 5 (random mated five generations) populations derived from elite 
inbred lines. Lines included in the study were: B73 x B84 representing a 
related cross, B77 x Mol7 and B73 x B79 representing intermediate 
divergence, and B73 x Mol7 representing an unrelated cross. Results showed 
that intermating generally decreased the mean significantly regardless of 
the amount of divergence between the parents. Comparison of decreases among 
Si means further revealed that linkage and epistasis were of minor 
importance in the crosses examined. Random mating effects on genetic 
variance were concluded to be negligible and the small increases in 
heritabilities were not substantial enough to justify five generations of 
intermating. Likewise, random mating had little effect on the size or sign 
of genetic correlations. Five generations of intermating did not increase 
the distribution of the segregates, as well. The authors suggested that 
perhaps five random mating generations may not be sufficient to break 
linkages or there was a balance of coupling and repulsion phase linkages. 
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Han and Hallauer (1989) used an experiment similar to Covarrubias-
Prieto et al. (1989) to examine the effects of intermating on genetic 
variability. Backcross and selfed progenies were developed for B73 x B84 
and B73 x Mol7 in the F2 and F2-Syn 5 generations. Additive genetic 
variance was greater in the unrelated cross and no significant change 
occurred with random mating. Estimates of dominance variance, however, 
decreased with random mating indicating that linkages may have been an 
important factor in the populations. The authors concluded that with 
decreases in the mean and only minimal increases in the genetic variance 
with random mating, selfing and selection in Fg populations without 
intermating was the more efficient procedure. 
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MATERIALS AND METHODS 
Genetic Materials 
Parents used in this experiment were two homozygous yellow dent 
inbred lines of maize (Zea Mays L.) developed under the research program 
conducted cooperatively by the Iowa Agriculture and Home Economics 
Experiment Station and the Plant Science Research Division, Agricultural 
Research Service, U. S. Department of Agriculture. Iowa Stiff Stalk 
Synthetic (BSSS) was developed in the early 1930s by convergent crosses of 
16 inbred lines chosen for above average stalk quality (Sprague, 1946). 
Half-sib family recurrent selection in BSSS was begun in 1939 using the 
double cross Ial3 [(L317 x BL349) x (BL345 x MC401)] as a tester and the 
improved populations were designated BSSS(HT) (Hallauer et al., 1988). The 
details of half-sib recurrent selection in BSSS are given by Eberhart et 
al. (1973). Inbred line B73 was selected from cycle five of half-sib 
recurrent selection in BSSS. The inbred B73 was released in 1972 (Russell, 
1972) and is recognized across the hybrid seed corn industry by its erect 
leaves and excellent combining ability. 
Following seven cycles of half-sib recurrent selection in BSSS(HT), 
selections were made to form BS13(S)C0 (Lamkey, 1992). Inbred line B84 was 
derived from one of the Sg lines chosen from BS13(S)C0 for formation of 
BS13(S)C1 (Russell, 1979). The inbred B84 combines well with B73 despite 
their common background and frequently outyields B73 in single-cross 
hybrids. 
Six generations of progeny were developed from B73 and B84: B73 and 
B84 per se, (B73 x B84) Fg, (B73 x B84) Fg-Syn 8, (B73 x B84) x B73, and 
(B73 x B84) X B84. The inbreds B73 and B84 will be referred to as Parent 1 
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(PI) and Parent 2 (P2), respectively. The (B73 x B84) F2 population was 
developed by self pollinating randomly chosen plants in the B73 x B84 
hybrid. The (B73 x B84) F2-Syn 8 population was developed by random mating 
the F2 progeny to produce Fg-Syn 1, random mating F2-Syn 1 to produce Fg-Syn 
2, etc., until the eighth random-mating generation. The (B73 x B84) x B73 
backcross population was developed by crossing random F^ hybrid plants to 
B73 and will be referred to as the backcross to PI (BCl). The (B73 x B84) 
X B84 backcross population, or BC2, was developed similarly by crossing the 
Fi hybrid to B84. 
Testcross progeny were developed in the 1989 breeding nursery near 
Ames, Iowa by crossing randomly chosen plants of each of the six 
generations onto homozygous inbred line Mol7. The inbred Mol7 is classified 
as a Lancaster Sure Crop type and was developed from the cross of CI187-2 x 
C103 by pedigree selection (Zuber, 1973). All crosses were harvested and 
100 progeny of F2 x Mol7 and F2 - Syn 8 x Mol7 and 50 progeny of BCl x Mol7 
and BC2 x Mol7 were randomly selected with the restriction that each 
progeny have enough seed for evaluation. 
Field Evaluation 
These 300 entries, as well as three entries per parental testcross, 
were evaluated in a 17 x 18 generalized a(0,l) lattice experimental design 
with two replications (Patterson and Williams, 1976). Testcrosses were 
evaluated at Ames, Ankeny, Crawfordsville, and Martinsburg in 1990 and at 
Ames, Crawfordsville, and Martinsburg in 1991 for a total of seven 
environments. Experimental plots were two rows, 5.49 m long with 0.76 m 
between rows. Plots were overplanted and thinned at the four to seven leaf 
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stage to a uniform stand density of 62,190 plants ha"^. Plots were machine-
planted and harvested without gleaning for dropped ears. Data collected on 
plots were: machine harvestable grain yield (Mg ha"^) adjusted to 155 g kg"^ 
grain moisture, grain moisture content (g kg"^) at harvest, root lodging (% 
plants leaning more than 30' from vertical), stalk lodging (% plants with 
broken stalks at or below the highest ear-bearing node), dropped ears (%), 
ear height (cm), anthesis date (days after June 30 to 50% of plot shedding 
pollen), and silking date (days after June 30 to 50% of plot with emerged 
silks). Ear heights were calculated as the average of measurements from 
ground level to the highest ear-bearing node on 10 competitive plants per 
plot after anthesis. Grain yield, grain moisture, root lodging, stalk 
lodging, dropped ears, and ear height were recorded at all environments. 
Anthesis and silking dates were recorded at Ames in 1990 and 1991. 
Statistical Analysis 
Individual environments of the 17 x 18 lattice experimental design 
were analyzed using the model: 
Yijk - M + Ri + (B/R)ij + Gk + ®ijk : 
where 
Yijk ~ observed value in the ijk*^^ plot ; 
H - overall mean ; 
Ri — effect of the i*^^ replication (i - 1, 2) ; 
(B/R)j,j = effect of the incomplete block within the i^h 
replication (j - 1, 2 18) ; 
Gjc - effect of the k'^'^ genotype (k - 1, 2 302) ; and 
eijk " intrablock error associated with the ijlk^h observation. 
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Means adjusted for lattice block effects and the effective error mean 
square were obtained for each environment by this lattice analysis of 
variance assuming random effects. 
Combined analysis of variance was attained using the model: 
Yij - M + Ei + Gj + (GE)ij ; 
where 
Yij - mean adjusted for lattice block effects for the j^^ entry in 
the i*^^ environment ; 
/i - overall mean ; 
Ei - effect of the i*^^ environment (i - 1, 2, 7) ; 
Gj - effect of the j*^^ genotype (j - 1, 2, 302) ; and 
(GE)ij - effect of the interaction between the j*^^ genotype and the 
i'h environment . 
Sums of squares and degrees of freedom for the genotype and genotype by 
environment sources of variation were partitioned into sources for 
testcrosses within Fg, Fg-Syn 8, BCl, BC2, and contrasts among the 
testcross means. Contrasts were not mutually orthoganol but included: 
PI versus P2 ; 
Fg versus Fg-Syn 8 ; 
BCl versus BC2 ; 
(Fg + Fg-Syn 8) versus (BCl + BC2) ; 
(PI + P2) versus (BCl + BC2) ; 
(PI + P2) versus Fg ; and 
Fg versus (BCl and BC2) . 
Sums of squares for contrasts were calculated using formula adapted from 
Cochran and Cox (1957) as follows: 
Contrast SS - (Zn^XiCi)^ * [Zn^cf]"^ ; 
where 
n^ - number of observations in the i'*^ mean ; 
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Xi - mean of generation i ; and 
Ci - contrast coefficient such that Zn^Ci - 0. 
Entry mean squares were tested for significance by using the corresponding 
genotype by environment mean squares. Genotype by environment mean squares 
were tested for significance by using the effective error mean square. 
Contrast mean squares were tested for significance by using the residual 
genotype by environment mean square. Standard errors of generation means 
across environments were constructed by using the genotype by environment 
mean square as follows : 
SE(Y) - * n-^/2 ; 
where 
SE(Y) - standard error of the generation mean ; 
Mge - appropriate genotype x environment mean square from combined 
analysis ; and 
n - number of observations in the generation mean. 
Standard errors of the parental testcross means were calculated by using 
the effective error mean square in the numerator of the previous equation. 
Testcross progeny components of variance for F2, Fg-Syn 8, BCl, BC2, 
and BC (pooled over BCl and BC2) populations were calculated by equating 
observed with expected mean squares as follows: 
Error Variance (&%) - Mg ; 
Genotype by Environment Variance (ffgo) - (Mge - Mg) * r"^ ; 
Genotypic Variance (ffg) - (M, - Mgg) * (r * e)"^ ; and 
Phenotypic Variance (0^) - M, * (r * e)"i ; 
where 
Mg - effective error mean square ; 
31 
Mg - entry mean square; 
r - number of replications per environment ; and 
e - number of environments . 
Standard errors of the variance components were calculated as square roots 
of the following: 
Var (ol) - 2 * Mg * (df, + 2)'! ; 
Var (aj) - 2 * r^ * {[Mg? / (df,.+2)] + [ Mg / (df,+2)]) ; 
Var (<t2) - 2 * (r*e)-2 * { [Mf / (dfg+2)] + [Mg| / (dfg,+2)]) ; and 
Var (ap - 2 * (r*e)-2 * [M| / (df,+2) ] ; 
where 
dfg - degrees of freedom associated with Mg ; 
dfgo - degrees of freedom associated with Mgg ; and 
dfg - degrees of freedom associated with Mg . 
Approximate (l-a)% confidence intervals were calculated for genetic and 
genotype by environment components of variance using the method outlined by 
Knapp et al. (1987): 
lower limit - (Mj/c)[(F - F^/Fx + (F2/F)(l - Fg/FJ ] ; 
upper limit - (Mj/c)[(F - F3)/F3 + (F4/F)(l - F4/F3)] ; 
where 
F - Mi/Mj , F statistic testing null hypothesis ; 
Mi - mean square used as numerator of F-test: Mg for genetic variance 
and Mgg for genotype by environment variance; 
Mj - mean square used as denominator of F-test: Mgg for genetic 
variance and M, for genotype by environment variance ; 
c - coefficient of variance component in expected mean square ; 
Fl - F(a/2).df i,m : 
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Fz " F(a/2):df i,j : 
F3 • F(l-a/2):df i,<o i 
• F(l-a/2):df i,j • 
Significant differences between variance components were declared when the 
point estimate fell outside the bounds of the approximate confidence 
interval. 
Heritabilities were calculated on a testcross progeny mean basis 
using the formula: 
- *2 * (a2)-i . 
Exact 90% confidence intervals were calculated for heritabilities using the 
method outlined by Knapp et al. (1985): 
lower limit - 1 - [F(Fi)]-i ; 
upper limit - 1 - [F(F2)]'^ ; 
where 
F - Mg/Mga , F statistic testing null hypothesis ; 
" F(o,/2):df g.go i snd 
^2 = F(l-a/2):df g.ge • 
Significant differences between heritabilities were declared when the point 
estimate fell outside the calculated confidence limits. 
Phenotypic correlations between traits were calculated using the 
ratio of the phenotypic covariance between the traits over the square root 
of the product of the individual trait phenotypic variances. Genotypic 
correlations between traits were calculated similarly, using genetic 
sources, and were only calculated when the estimates of genetic variances 
for both traits were significantly greater than zero. 
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• Testcross means of PI x Mol7, P2 x Mol7, F2 x Mol7, BCl x Mol7, and 
BC2 X M0I7 populations averaged over environments were used to estimate 
genetic parameters in the models developed by Melchinger (1987). Two models 
were fit to the data. Model 1, which tests for the absence of epistasis 
while allowing for the presence of linkage, is characterized as: 
Y - m? + x(dT) ; 
where 
Y - testcross mean of the generation considered ; 
m^ - testcross mean of the Fg population in gametic equilibrium ; 
(d:) - Zj ejdJ : 
8j - +1 if PI contains the favorable allele at locus j and -1 
otherwise ; 
dj - half the average effect of a gene substitution at locus j in 
the Fg testcross population ; and 
X - coefficient that is generation dependent as follows: 
generation PI x - 1 ; 
generation P2 x - -1 ; 
generation Fg x - 0 ; 
generation BCl x = 0.5 ; and 
generation BC2 x - - 0 . 5  .  
Superscript T denotes parameters which are intrinsic to the tester used in 
the study. Model 2, which tests for the presence of epistasis in the 
absence of linkage, is characterized as: 
Y - m? + x(d^) + x^(i^) ; 
where 
Y, m^, (d?), 0, and x are as defined above ; 
(i^) - Zj<k ©jQkijk : and 
ijk - additive by additive epistatic effect between loci j and k . 
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The models indicate that the backcross generation testcross can contain at 
a maximum, half the main effect (dF) and a fourth the epistatic effect (i?) 
contained within the parental testcross. Similarly, the backcross 
generation testcross differs from the Fg generation testcross by a maximum 
of half the main effect and a fourth the epistatic effect. The genetic 
parameters for both models were estimated by using weighted least squares: 
^ - (X'WX)-i (X'WY) ; 
where 
P - column vector of estimated genetic parameters ; 
X - a matrix with elements that are a function of the generation ; 
W - a matrix with the inverse of the variances of the generation 
means on the diagonal and zero on the off diagonal ; and 
Y - column vector of testcross means . 
Standard errors of parameter estimates were computed as the square root of 
the associated diagonal element of the (X'WX)"^ matrix (Mather and Jinks, 
1982). The adequacy of the model was tested using a Chi-square test as 
shown by Mather and Jinks (1982): 
X2 - Z[(0 - E)2 * W] : 
where 
0 - observed testcross generation mean ; 
E - expected testcross generation mean ; and 
W - the inverse of the variance of the testcross generation mean. 
Predicted selection responses were calculated for each of the six 
generations of testcrosses. The formula used was adapted from Falconer 
(1981) as follows: 
AG(p) - kpffgh : 
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where 
kp - standardized selection differential for selection intensity p, 
taken from Hallauer and Miranda (1981, p. 166) ; 
(Tg - square root of the genetic variance calculated on a half-sib 
progeny mean basis; and 
h - square root of the heritability calculated on a half-sib progeny 
mean basis . 
Predicted selection responses were calculated for selection intensities of 
5, 10, 15, 20, 25, 30, and 40%. Approximate standard errors were calculated 
for predicted selection response using methods adapted from Bridges et al. 
(1991). The variance of the predicted selection response is approximately 
estimated by: 
V[AG(p)] - 2 * (k| / re) * ( (Mg/df,) * [(1 4 Mg./Mg)2 / 4] + 
Mg5/df,.) / M, . 
The approximated standard error of predicted selection response was 
calculated as the square root of the variance. The standard errors were 
then used to calculate approximate (1 - a)% confidence intervals as 
follows : 
lower limit - AG(p) + t^lSE[AG(p)]) ; 
upper limit - AG(p) + tglSE[AG(p)]) ; 
where 
AG(p) - predicted selection response ; 
- C(a/2,df(ge)) ! 
^2 ~ t(l-a/2,df(go)) : and 
SE[AG(p)] — standard error of the predicted selection response. 
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Predicted selection responses were used to calculate usefulnesses as 
proposed by Schnell (1983). Usefulness, which predicts the genotypic mean 
of the upper p percent of the distribution, was calculated as: 
U(p) - Y ± AG(p) ; 
where 
Y - testcross mean of generation considered ; and 
AG(p) - predicted selection response for p selection intensity . 
The usefulness statistic is more appropriate than using the predicted 
selection response alone because it accounts for the mean and the genetic 
variance of the population. 
All populations were tested for normality using the Shapiro-Wilk W 
test statistic (Shapiro and Wilk, 1965). Distribution histograms were 
constructed for the adjusted means of the 100 Fg and F2-Syn 8 generation 
testcross progenies. Coefficients of skewness and kurtosis were also 
calculated for all populations (Snedecor and Cochran, 1989). Skewness and 
kurtosis coefficients are normally distributed about the mean zero when the 
population values meet the assumptions of normality. Significant skewness 
values indicate a tail longer than would be expected under the assumptions 
of normality. The value of the skewness coefficient also indicates the 
direction of the elongated tail; positive for the upper tail, negative for 
the lower tail. Significant kurtosis coefficients indicate either a 
distribution with elongated tails for positive values, or a flat-topped 




Growing conditions in 1990 and 1991 were sufficient to allow data to 
be collected at all seven environments. The Ames location in 1991 had the 
highest mean grain yield and moisture (Table 1). The Crawfordsville 
location in 1991 had the lowest mean grain yield which could be attributed 
to lack of moisture during pollination and grain fill. Expression of root 
lodging was generally poor with the exception of Ankeny and Crawfordsville 
in 1990. Stalk lodging expression was good across all environments. 
Expression of dropped ears was relatively poor across all environments. 
Maturity traits, days after June 30 to mid-anthesis and mid-silk emergence, 
showed an approximately two week difference in means from 1990 to 1991. 
Significant differences in testcross means of PI (B73) and P2 (B84) 
generations were found for grain yield, stalk lodging, ear height, and 
silking date (Table 2). The P2 testcrosses were generally higher yielding, 
had more stalk lodging, had higher ears, and silked later than PI 
testcrosses. Significant differences in testcross means of Fg and Fg-Syn 8 
generations were exhibited for all traits except root lodging and dropped 
ears. The Fg-Syn 8 generation testcrosses had lower means for grain yield, 
grain moisture content, stalk lodging, ear height, and anthesis and silking 
dates than the Fg generation testcrosses. Testcross means for the two 
backcross generations were significantly different for all traits except 
root lodging and anthesis date. The BC2 [(B73 x B84) x B84] testcrosses 
were superior for the same traits as P2 testcrosses. Highly significant 
Table 1. Testcross progeny trait means for PI, P2, Fg, Fg.Syn 8, BCl, and 
BC2 generations at individual environments 
Environment 
Trait Generation Ames 1990 Ankeny 1990 
Grain PI 7.40 6.13 
Yield P2 7.92 8.05 
(Mg ha-i) Fz 7.57 6.99 
Fg-Syn 8 7.37 6.43 
BCl 7.48 6.61 
BC2 7.53 7.04 
Environment Mean 7.48 6.75 
Grain PI 165 135 
Moisture P2 177 147 
(g kg-i) Fz 173 139 
Fg-Syn 8 170 138 
BCl 169 138 
BC2 176 140 
Environment Mean 171 138 
Root PI 0.4 6.4 
Lodging P2 . 0.0 9.2 
(%) Fz 0.9 5.3 
Fg-Syn 8 0.9 5.6 
BCl 0.9 3.6 
BC2 0.7 6.2 
Environment Mean 0.8 5.3 
Stalk PI 7.9 28.5 
Lodging P2 8.7 28.2 
(%) Fz 9.3 41.1 
Fg-Syn 8 8.8 38.1 
BCl 8.9 41.6 
BC2 10.5 40.6 
Environment Mean 9.3 39.9 
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Crawfords- Martins- Crawfords- Martins-
ville 1990 burg 1990 Ames 1991 ville 1991 burg 1991 
7.28 6.63 9.60 5.56 4.83 
7.58 5.81 10.33 7.17 7.27 
7.51 6.28 9.43 5.39 5.66 
7.34 6.09 9.13 5.06 5.53 
7.58 6.34 9.22 5.03 5.52 
7.70 6.32 9.58 5.66 6.17 
7.50 6.23 9.33 5.29 5.69 
152 170 194 167 180 
150 171 209 169 168 
156 168 203 166 165 
156 165 201 165 165 
158 168 202 167 167 
159 171 208 166 168 
157 168 203 166 166 
6.7 0.7 -0.1 0.0 0.0 
4.0 0.0 0.4 1.2 1.6 
4.1 1.3 0.5 0.4 0.6 
4.2 1.4 0.5 0.6 1.1 
4.7 0.9 0.3 0.3 0.4 
3.7 1.3 0.8 0.6 1.2 
4.2 1.2 0.5 0.5 0.8 
7.1 6.6 6.4 2.6 6.2 
9.0 18.9 12.7 10.0 15.1 
9.0 12.8 7.4 5.6 11.5 
8.5 12.8 6.7 5.2 11.1 
8.0 11.1 6.6 4.8 10.0 
9.2 14.0 8.2 7.1 13.1 
8.7 12.7 7.2 5.6 11.4 
Table 1. (continued) 
Environment 
Trait Generation Ames 1990 Ankeny 1990 
Dropped PI 4.3 1.3 
Ears P2 1.7 0.6 
(%) Fz 2.4 1.2 
F2-Syn 8 2.5 1.1 
BCl 3.1 1.2 
BC2 2.0 0.9 
Environment Mean 2.5 1.1 
Ear PI 122 125 
Height P2 133 133 
(cm) Fz 129 130 
Fg-Syn 8 126 128 
BCl 126 128 
BC2 129 130 
Environment Mean 128 129 
Days PI 28.0 
After P2 28.7 
June 30 Fa 28.1 
to Mid- F2-Syn 8 27.8 
Anthesis BCl 27.9 
BC2 28.2 
Environment Mean 28.0 
Days PI 28.3 
After P2 29.1 
June 30 Fz 28.7 
to Mid- Fa-Syn 8 28.5 
Silk BCl 28.5 
Emergence BC2 28.7 
Environment Mean 2 8 . 6  
41 
Crawfords- Martins- Crawfords- Martins -
ville 1990 burg 1990 Ames 1991 ville 1991 burg 1991 
0.4 1.0 1.1 0.7 0.3 
0.9 2.2 1.3 0.3 0.6 
1.2 1.1 1.2 0.4 0.6 
1.2 1.4 1.2 0.5 0.5 
0.9 0.9 1.4 0.7 0.8 
0.7 0.9 1.1 0.6 0.6 
1.0 1.1 1.2 0.5 0.6 
105 124 111 110 113 
113 132 122 118 118 
112 130 116 113 117 
110 128 114 110 113 
108 127 115 111 115 
114 131 117 113 118 















Table 2. Combined analysis of variance for PI, P2, Fg, Fg-Syn 8, BCl, and 
BC2 generation testcrosses over seven environments 
Mean Squares 
Grain Grain Root 
Yield Moisture Lodging 
Source df (Mg ha'i) (g kg-i) (%) 
Environment 6 113.642 225571.2 2381.33 
Reps/Env 7 10.259 4427.5 99.51 
Treatments 301 2.114** 558.5** 12.31* 
Fg 99 1.678** 740.8** 2.62* 
Fg-Syn 8 99 2.123** 547.8** 2.40 
BCl 49 1.346* 375.2** 1.76 
BC2 49 1.321 296.4** 1.90 
(BC)b 98 1.334* 335.8** 1.84 
CI'' 1 19.237* 353.0 2.29 
C2'' 1 51.332** 1792.0* 17.92 
C3'' 1 35.238** 2366.0** 182.07 
C4'' 1 18.293* 4116.0** 12.34 
CS"' 1 6.390 6.5 9.91 
C6b 1 6.617 198.7 8.05 
cyb 1 0.018 1183.0 0.86 
Trt X Env 1806 0.934** 122.7** 10.59** 
Fz 594 0.867** 131.0** 2.42** 
Fg-Syn 8 594 0.860* 118.0** 3.02** 
BCl 294 0.917** 119.8** 1.82 
BC2 294 1.063** 100.2* 2.44** 
(BC)b 588 0.990** 110.0** 2.12 
Residual 30 2.628 300.3 488.06 
Error 2107 0.744 84.9 8.31 
Total 4227 
^Evaluated at two environments. 
^XBC) - pooled backcross, CI - PI versus P2, C2 - Fg versus Fg-Syn 8, 
C3 - BCl versus BC2, C4 - (Fg + Fg-Syn 8) versus (BCl + BC2), C5 - (PI + 
P2) versus (BCl + BC2) , C6 - (PI + P2) versus Fg, and C7 - Fg versus (BCl + 
BC2). 
*'**Significant at the .05 and .01 probability levels, respectively. 
43 
Mean Squares Mean Squares 
Stalk Dropped Ear Davs after June 30 to 
Lodging Ears Height Mid- Mid-Silk 








































































(p ^  0.01) genotype by environment interactions were detected for grain 
yield, grain moisture, root lodging, and silking date. 
The non-epistatic model (Model 1) adequately fit the data for all 
traits except grain yield and ear height (Table 3). Estimates of main 
effects (d^) were at least three times their standard errors for all traits 
except grain moisture. Model 1 accounted for 83.2% of the variation among 
testcross generations means for grain yield. The Chi-square goodness-of-fit 
test was significant, however. Coefficients of determination for other 
traits ranged from 72.4% for grain moisture to 89.9% for dropped ears. 
The epistatic model (Model 2) adequately fit the data for all traits 
with the exception of ear height. Chi-square values declined and 
coefficients of determination increased for all traits when the epistatic 
term was included in the model. Grain yield and ear height were the only 
traits having epistatic effects (i?) greater than twice their standard 
errors. The epistatic model (Model 2) accounted for 92.4% of the variation 
for grain yield and reduced the goodness-of-fit value to non-significance. 
Figure 2 graphically illustrates the increased fit of the expected 
testcross means to the observed testcross means for grain yield when 
epistatic effects were included in the model. 
Variances and Heritabilities 
Estimates of genetic variance for grain yield were significantly 
greater than zero for all testcross generations except BC2 (Table 4). Seven 
negative estimates of genetic variance were obtained, three of those were 
for root lodging. Estimates of genetic variance for the backcross 
generations were generally smaller than F2 generation estimates for all 
Table 3. Means of testcross progeny with standard errors produced from 
PI, P2, Fg, Fg-Syn 8, BCl and BC2 generations and genetic 
effects with standard errors estimated from testcross generation 
means analysis for traits evaluated at seven environments 
Generation Grain Yield Grain Moisture Root Lodging 
Mg ha' •1 g kg-i % 
Testcross means 
PI 6 .78 ± 0 .13 166 .2 ± 14.2 2.01 ± 0.45 
P2 7 .73 ± 0.13 170.3 ± 14.2 2.34 ± 0.45 
P (pooled) 7 .26 ± 0 .09 168 .3 ± 10.1 2.17 ± 0.31 
Fz 6 .98 ± 0 ,02 167 .0 ± 3.1 1.86 ± 0.09 
Fg-Syn 8 6 .71 ± 0, 02 165 .4 ± 2.9 2.02 ± 0.10 
BCl 6 .83 ± 0, 04 167 .0 ± 4.1 1.57 ± 0.10 
BC2 7 .14 ± 0, 04 169 . 6 ± 3.8 2.08 ± 0.12 
BC (pooled) 6 .  ,98 ± 0, ,03 168 .3 ± 2.8 1.82 ± 0.08 
Genetic effects^ 
Model 1 
m^ 6 .  99 ± 0. 02 167, ,7 ± 2.0 1.85 ± 0.06 
(d^) -0. 36 ± 0. 05 -2, ,5 ± 4.9 -0.45 ± 0.14 
X^ (3) 10. 93* 0.10 2.16 
R2 82 1.2 72.4 82.9 
Model 2 
m^ 6. 97 ± 0. 02 167. 4 ± 2.6 1.82 ± 0.08 
(d?) -0. 36 ± 0. 05 -2. 5 ± 4.9 -0.46 ± 0.14 
(i?) 0. 20 ± 0. 08 2. 2 ± 9.7 0.18 ± 0.30 
^^ (2) 4. 95 0.05 1.79 
R2 92 :.4 85.9 85.8 
^Evaluated at two environments. 
''For definition of genetic effects and models, see materials and 
methods statistical analysis section. 
"'"^Significant at the .05 and .01 probability levels, respectively. 
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Stalk Lodging Dropped Ears Ear Height Anthesis Date® Silking Date® 
% % cm Days after June 30 
9 .33 ± 1.13 1.30 ± 0.25 115.8 ± 0.8 20 .88 ± 0 .20 22 .68 ± 0.23 
14 .65 ± 1.13 1.09 ± 0.25 124.3 ± 0.8 21 .70 ± 0, .20 23 .55 ± 0.23 
11.99 ± 0.80 1.19 ± 0.18 120.1 ± 0.5 21 .29 ± 0, .14 23 .12 ±0.16 
13 .83 ± 0.19 1.15 ± 0.04 121.2 ± 0.1 21 .36 ± 0, 04 23 .14 ±0.04 
13 .03 ±0.19 1.19 ± 0.05 118.4 ± 0.1 21 .06 ± 0, 04 23 .04 ± 0.05 
12 .98 ± 0.27 1.29 ± 0.07 118.9 ± 0.2 21, .20 ± 0, ,05 22 .97 ± 0.08 
14 .69 ± 0.29 0.98 ± 0.06 121.6 ± 0.2 21 .43 ± 0. ,06 23 .18 ± 0.07 
13 .84 ± 0.20 1.13 ± 0.04 120.2 ± 0.1 21, .32 ± 0, ,04 23 .08 ±0.05 
13. 78 ± 0.14 1.14 ± 0.03 120.9 ± 0.1 21. 34 ± 0. 03 23, ,12 ± 0.03 
-1. 89 ± 0.36 0.27 ± 0.08 -3.0 ± 0.3 -0. 28 ± 0. 07 -0. ,27 ±0.09 
6. 32 1. 24 38.22** 1. 90 2. 44 
81 .8 89.9 78.7 89.8 79.1 
13. 96 ± 0.17 1.14 ± 0.04 121.1 ± 0.1 21. 35 ± 0. 04 23. 13 ±0.04 
-1. 88 ± 0.36 0.27 ± 0.08 -3.0 ± 0.3 -0. 28 ± 0. 07 -0. 27 ± 0.09 
" 1 . 21 ± 0.71 0.01 ± 0.16 -2.2 ± 0.5 -0. 10 ± 0. 13 -0. 09 ± 0.15 
3. 37 1. 23 15.63** 1. 40 2. 09 
90 1.3 89 1.9 91.3 92 :.5 82 ;.l 
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— OBSERVED MEANS + MODEL 1 + MODEL 2 
% Parent 1 
Figure 2. Regression of observed and expected generation means for Model 1 
(no epistasis) and Model 2 (epistasis) on the percentage of 
Parent 1 
Table 4. Estimates of variance components and standard errors of 
testcross progenies of the Fg, Fg-Syn 8, and first backcross 
generations evaluated at seven environments 
Phenotypic 
Trait Generation Variance ± SE 
Grain Yield*^ Fz 11.99 ± 1.69 
(Mg ha'i) Fg-Syn 8 15.16 ± 2.13 
BCl 9.62 ± 1.90 
BG2 9.44 ± 1.87 
BC(pooled) 9.53 ± 1.35 
Grain Moisture Fz 52.9 ± 7.4 
(g kg'i) Fg-Syn 8 39.1 ± 5.5 
BCl 26.8 ± 5.3 
BC2 21.2 ± 4.2 
BC(pooled) 24.0 ± 3.4 
Root Lodging Fz 0.94 ± 0.13 
(%) Fg-Syn 8 1.08 ± 0.15 
BCl 0.48 ± 0.09 
BC2 0.69 ± 0.14 
BC(pooled) 0.58 ± 0.08 
Stalk Lodging Fz 4.37 ± 0.61 
(%) Fg-Syn 8 6.41 ± 0.90 
BCl 3.80 ± 0.75 
BC2 3.04 ± 0.60 
BC(pooled) 3.42 ± 0.48 
Dropped Ears Fz 0.24 ± 0.03 
(%) Fg-Syn 8 0.39 ± 0.06 
BCl 0.30 ± 0.06 
BC2 0.15 ± 0.03 
BC(pooled) 0.23 ± 0.03 
°Error variance estimated by effective error source of variation from 
combined analysis. 
^Variances for grain yield were multiplied by 100. 
"Evaluated at two environments. 
*'**Significant at the .05 and .01 probability levels, respectively. 
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Genetic Genotype x Environment Error 
Variance ± SE® 
74.36 ± 0.02 
Variance ± SE Variance ± S 
5.80** ± 1.73 6.17** ± 2.79 
9.02** ± 2.16 5.83* ± 2.77 
3.06* ± 1.98 8.67** ± 3.96 
1.85 ± 1.97 15.96** ± 4.53 
2.46* ± 1.41 12.31** ± 3.12 
43. 6** ± 7.5 23.0** ± 4.0 
30.7** ± 5.5 16.6** ± 3.7 
18.2** ± 5.4 17.4** ± 5.1 
14.0** ± 4.2 7.7* ± 4.3 
16. 1** ± 3.4 12.5** ± 3.5 
0.22* ± 0.14 0.86** ± 0.32 
0.18 ± 0.16 2.12** ± 0.39 
-0.06 ± 0.10 -0.37 ± 0.34 
-0.04 ± 0.15 0.90** ± 0.44 
-0.05 ± 0.09 0.26 ± 0.29 
0.81 ± 0.65 -1.75 ± 1.68 
2.93** ± 0.93 -2.23 ± 1.65 
0.28 ± 0.81 -1.99 ± 2.20 
-1.02 ± 0.69 1.85 ± 2.49 
-0.37 ± 0.53 "0.07 ± 1.77 
0.06* ± 0.04 -0.05 ± 0.08 
0.18** ± 0.06 0.20* ± 0.10 
0.09* ± 0.06 0.23* ± 0.13 
-0.03 ± 0.03 -0.23 ± 0.10 
0.04 ± 0.03 -0.02 ± 0.09 
84.9 ± 2.8 
8.31 ± 0.27 
53.24 ±1.72 
2 . 6 0  ±  0 . 0 8  
Table 4. (continued) 
Trait Generation 
Phenotypic 
Variance ± SE 
Ear Height Fz 22.7 ± 3.2 
(cm) Fg-Syn 8 18.3 ± 2.6 
BCl 12.3 ± 2.4 
BC2 10.4 ± 2.1 
BC(pooled) 11.3 ± 1.6 
Days after Fg 0.29 ± 0.04 
June 30 to Fg-Syn 8 0.39 ± 0.05 
Mid-Anthesis° BCl 0.25 ± 0.05 
BC2 0.29 ± 0.06 
BC(pooled) 0.27 ± 0.04 
Days after Fa 0.32 ± 0.05 
June 30 to Fg-Syn 8 0.44 ± 0.06 
Mid-Silk BCl 0.26 ± 0.05 
Emergence" BC2 0.37 ± 0.07 
BC(pooled) 0.31 ± 0.04 
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Genetic Genotype x Environment Error 
Variance ± SE Variance ± SE Variance ± SE° 




16.4** ± 2.6 0.8 ± 0.9 
10. 2** ± 2.4 2.5* ± 1.3 
8.5** ± 2.1 1.1 ± 1.2 
9.4** ± 1.6 1.8* ± 0.9 
0.15** ± 0.05 0.05 ± 0.04 0.50 ± 0.03 
0.25** ± 0.06 0.01 ± 0.04 
0.13** ± 0.05 -0.01 ± 0.05 
0.13* ± 0.07 0.07 ± 0.06 
0.13** ± 0.04 0.03 ± 0.04 
0.14** ± 0.05 0.04 ± 0.05 0.64 ± 0.04 
0.22** ± 0.07 0.13* ± 0.07 
-0.04 ± 0.08 0.28** ± 0.12 
0.15* ± 0.09 0.13* ± 0.09 
0.05 ± 0.06 0.20** ± 0.08 
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traits. Specifically, BC2 generation testcrosses had the lowest estimate of 
genetic variance for all traits with the exception of silking date. The BC2 
generation also had the highest estimate of genotype by environment 
interaction variance for grain yield, stalk lodging, and anthesis date. 
Estimates of genotype by environment interaction variance for grain yield 
were significantly greater than zero for all generation testcrosses. Nine 
negative genotype by environment interaction variance estimates were 
obtained, four were for stalk lodging and three were for dropped ears. 
Estimates of error variance were larger than estimates of phenotypic 
variance for all generations. 
The F2-Syn 8 generation testcrosses had significantly greater genetic 
variance than all other generations for grain yield, stalk lodging, dropped 
ears, and pollen date (Table 5). The BC2 generation testcrosses did not 
have significant estimates of genetic variance for grain yield, root 
lodging, stalk lodging, and dropped ears. The ratio of the pooled backcross 
to Fg genetic variances was below 0.50 for grain yield, grain moisture, ear 
height, and silking date. Estimates of the genotype by environment 
interaction variance for stalk lodging and anthesis date were 
nonsignificant for all generations. Heritabilities were consistently higher 
in either the Fg or Fg-Syn 8 generations for all traits. Neither backcross 
generation had heritability estimates significantly greater than zero for 
grain yield, root lodging, stalk lodging, and dropped ears. Ratios of 
backcross to Fg heritabilities were consistently higher than genetic 
variance ratios and ranged from 0.38 for silking date to 0.98 for pollen 
date. 
Table 5. Estimates of variance components and heritabilities with 
confidence intervals for testcross progenies of the Fg, Fg-Syn 
8, and first backcross generations evaluated at seven 
environments 
Confidence Lmts° 
Genetic Lower Upper 
Trait Generation Variance Limit Limit 
Grain Yield" Fz 5 .80 3 .38 9 .21 
(Mg ha-i) Fg-Syn 8 9 .02 6 .01 13 .32 
BCl 3 .06 0, 34 7 .40 
BC2 1 .85 -0, 91 6 .12 
BG(pooled) 2 .46 0, 45 5 .19 
BGiFg* 0 .42 
Grain Moisture Fz 43.6 33.3 58.5 
(g kg'i) Fg-Syn 8 30.7 23.1 41.8 
BCl 18.2 11.1 30.2 
BC2 14.0 8.4 23.5 
BC(pooled) 16.1 11.4 22.9 
BC:F2 0, ,37 
Root Lodging Fz 0, 22 0. 03 0. 50 
(%) Fg-Syn 8 0. 18 -0. 05 0. 50 
BCl -0. 06 -0. 22 0. 16 
BC2 -0. 04 -0. 25 0. 28 
BC(pooled) -0. 05 -0. 18 0. 12 
BC:F2 
Stalk Lodging Fz 0. 81 -0. 12 2. 07 
(%) Fg-Syn 8 2. 93 1. 63 4. 76 
BCl 0. 28 -0. 87 2. 00 
BC2 -1. 02 -2. 07 0. 40 
BC(pooled) -0. 37 -1. 17 0. 63 
BCiFz 
^Approximate 90% confidence interval. 
''Exact 90% confidence interval. 
"Variance estimates for grain yield multiplied by 100. 
^Evaluated at two environments, 
®Ratio of the pooled backcross estimate to the Fg estimate. 
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Confidence Lints® 
Genotype x Lower Upper 
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Table 5. (continued) 
Confidence Lmts® 
Genetic Lower Upper 
Trait Generation Variance Limit Limit 
Dropped Ears Fa 0.06 0.01 0.13 
(%) F2-Syn 8 0.18 0.10 0.29 
BCl 0.09 -0.00 0.22 
BC2 -0.00 -0.05 0.07 
BC(pooled) 0.04 -0.01 0.11 
BC:F2 0.67 
Ear Height Fz 20.8 16.4 27.2 
(cm) F2-Syn 8 16.4 12.9 21.6 
BCl 10.2 7.0 15.7 
BC2 8.5 5.8 13.1 
BC(pooled) 9.4 7.2 12.6 
BC;F2 0.45 
Days after Fz 0.15 0.08 0.23 
June 30 to F2-Syn 8 0.25 0.17 0.37 
Mid- BCl 0.13 0.04 0.24 
Anthesis^ BG2 0.13 0.03 0.27 
BC(pooled) 0.13 0.07 0.21 
BC:F2 0.87 
Days after Fg 0.14 0.06 0^24 
June 30 to F2-Syn 8 0.22 0.11 0.35 
Mid-Silk BCl -0.04 -0.22 0.09 
Emergence^ BC2 0.15 0.01 0.32 
BC(pooled) 0.05 -0.05 0.15 
BClFg 0.36 
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Confidence Lrats" Confidence Lmts^ 
Genotype x Lower Upper 
h2 
Lower Upper 
Env. Var. Limit Limit Limit Limit 
-0.05 -0.18 0.10 25.4 2.6 41.3 
0,20 0.05 0.37 45.6 29.0 57.2 
0.23 0.03 0.46 28.1 -6.1 48.6 
-0.23 -0.36 -0.06 -2.3 -50.9 26.8 
-0.00 -0.13 0.15 18.1 -7.0 35.6 
0.71 
0.89 -0.41 2.40 91.8 89.3 93.5 
0.83 -0.46 2.34 89.9 86.8 92.0 
2.47 0.56 4.75 83.0 75.0 87.9 
1.08 -0.63 3.17 81.8 73.1 87.0 
1.78 0.40 3.36 82.5 77.1 86.2 
0.90 
0.05 -0.02 0.13 49.5 29.7 63.8 
0.01 -0.04 0.09 65.9 52.4 75.5 
-0.01 -0.08 0.10 51.3 21.8 69.7 
0.07 -0.02 0.21 45.9 13.0 66.3 
0.03 -0.03 0.11 48.4 28.0 63.0 
0.98 
0.04 -0.04 0.15 44.2 22.2 60.0 
0.13 0.03 0.25 49.3 29.4 63.7 
0.28 0.12 0.56 -17.4 -88.6 27.0 
0.13 0.00 0.33 40.2 3.9 62.8 




Frequency distributions were generally normal for all generation 
testcrosses with some exceptions for root lodging and dropped ears (Table 
6). The skewness and kurtosis coefficients for the F2, F2-Syn 8, and BCl 
generations for dropped ears were significantly greater than zero. 
The frequency distributions for F2 and F2-Syn 8 generation 
testcrosses for grain yield were similar in shape (Figure 3). The major 
difference being the distribution of F2-Syn 8 generation testcrosses 
contains classes of individuals two standard deviations below the F2 
generation distribution. The BC2 generation testcrosses contained two 
individuals that yielded higher than the best F2 testcross, while the BCl 
testcrosses contained two individuals that yielded lower than the worst Fg 
testcross. Frequency distributions for Fg and Fg-Syn 8 generation 
testcrosses appear similar for grain moisture (Figure 4), root lodging 
(Figure 5), stalk lodging (Figure 6), dropped ears (Figure 7), anthesis 
date (Figure 8), and silking date (Figure 9). Frequency distributions for 
ear height (Figure 10) between the Fg generations shows a slight shift left 
with random mating. The BCl and BC2 generation testcross individuals 
generally fell within the frequency distribution of the Fg generation 
testcrosses for all traits. 
Selection Responses and Usefulnesses 
Predicted selection response was significantly greater in the F2-Syn 
8 generation testcrosses for grain yield, stalk lodging, dropped ears, 
anthesis date, and silking date (Table 7). The remaining traits showed 
nearly equal response from selection within the F2 and F2-Syn 8 generation 
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Table 6. Shapiro-Wilk (W) test of normality and estimates of coefficients 
of skewness (S) and kurtosis (K) for frequency distributions of 
F2, F2-Syn 8, BCl, and BC2 generation testcross progeny 
evaluated at seven environments 
Trait Generation W S K 
Grain Yield Fz 0.97 -0 .23 -0.37 
(Mg ha-i) Fg-Syn 8 0.97 -0 .37 0.77* 
BCl 0.98 -0 .01 0.42 
BC2 0.98 0.43 0.17 
Grain Moisture Fz 0.98 0 .09 -0.30 
(g kg'i) F2-Syn 8 0.98 -0 .07 -0.49 
BCl 0.96 -0 .43 -0.41 
BC2 0.97 0 .01 -0.05 
Root Lodging Fz 0.94** 0 ,77## 0.17 
(%) Fg-Syn 8 0.92** 1 .16* 1.73'W 
BCl 0.96 0.51 0.06 
BC2 0.97 0 .37 -0.25 
Stalk Lodging Fa 0.98 0 .23 0.46 
(%) Fz-Syn 8 0.98 0 .26 0.16 
BCl 0.98 -0 ,08 -0.67 
• BC2 0.99 -0, ,05. 0.56 
Dropped Ears Fz 0.95** 0, , 98^ '^ '* 1.65'W 
(%) Fg-Syn 8 0.92** 1, ^08^ 1.23* 
BCl 0.92** 0. ggW 1.15* 
BC2 0.97 0. 14 -0.65 
Ear Height Fz 0.97 -0. 19 -0.56 
(cm) Fz-Syn 8 0.98 0. 22 -0.43 
BCl 0.97 0. 03 -0.85* 
BC2 0.96 -0. 57* -0.09 
Days after June 30 to Mid- Fz 0.98 -0.43# 0.32 
Anthesis® Fz-Syn 8 0.98 -0. 09 0.54 
BCl 0.98 -0. 36 0.13 
BC2 0.95 -0. 43 -0.59 
Days after June 30 to Fz 0.98 -0. 38 -0.08 
Mid-Silk Emergence® F2-Syn 8 . 0.97 0. 31 -0.25 
BCl 0.95 -0. 0.88** 
BC2 0.99 0. 11 0.80*^^ 
"Evaluated at two environments. 
#,*,##,**Significant at the .10, .05, .02, and .01 probability levels, 
respectively. 
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F2-Syn 8 x Mo17 F2 X Mo17 
Grain Yield (Mg ha~^) 
Figure 3. Frequency distributions of F2 x Mol7 and F2-Syn 8 x Mol7 
populations for grain yield averaged over seven environments 
(class interval - standard deviation) 
60 
F2 X Mo17 F2-Syn 8 x Mo17 
I 
181 187 
Grain Moisture (g 
Figure 4. Frequency distributions of F2 x Mol7 and F2-Syn 8 x Mol7 
populations for grain moisture averaged over seven environments 
(class interval - standard deviation) 
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F2-Syn 8 x Mo17 F2 X Mo17 
0.45 2.25 4.05 5.85 7.65 
Root Lodging (%) 
Figure 5. Frequency distributions of Fg x Mol7 and Fg-Syn 8 x Mol7 
populations for root lodging averaged over seven environments 
(class interval - standard deviation) 
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0.95 4.75 8.55 12.35 16.15 
Stalk Lodging (%) 
19.95 23.75 
Figure 6. Frequency distributions of Fg x Mol7 and Fg-Syn 8 x Mol7 
populations for stalk lodging averaged over seven environments 
(class interval - standard deviation) 
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F2-Syn 8 x Mo17 F2 X Mo17 
0.2 1.0 1.8 2.6 3.4 4.2 
Dropped Ears (%) 
Figure 7. Frequency distributions of Fg x Mol7 and Fg-Syn 8 x Mol7 
populations for dropped ears averaged over seven environments 
(class interval - standard deviation) 
64 
F2-Syn 8 x Mo17 F2 X Mo17 
—r- I r- r i f 
19.0 19.8 20.6 21.4 22.2 23.0 
Anthesis Date (Days after June 30) 
Figure 8. Frequency distributions of F2 x Mol7 and Fg-Syn 8 x Mol7 
populations for anthesis date averaged over two environments 
(class interval - standard deviation) 
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F2-Syn 8 X Mo17 F2 X Mo17 
20.0 20.8 21.6 22.4 23.2 24.0 24.8 25.6 
Silking Date (Days after June 30) 
Figure 9. Frequency distributions of Fg x Mol7 and Fg-Syn 8 x Mol7 
populations, for silking date averaged over two environments 
(class interval - standard deviation) 
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F2-Syn 8 x Mo17 F2 X Mo17 
105 109 113 117Î ill 125 129 133 
Ear Height (cm) 
Figure 10. Frequency distributions of F2 x Mol7 and Fg-Syn 8 x Mol7 
populations for ear height averaged over seven environments 
(class interval - two standard deviations) 
Table 7. Predicted selection responses [AG(p)] with 90% confidence 
intervals (CI) at p selection intensity of testcross progeny 
from F2, Fz-Syn 8, BCl, and BC2 generations grown at seven 
environments 
D - 40% 
Trait Generation AG(p) CI 
Grain Fz 0.16 (0.15, 0.18) 
Yield Fg-Syn 8 0.22 (0.21, 0.24) 
(Mg ha'i) BCl 0.10 (0.07, 0.12) 
BC2 0.06 (0.03, 0.10) 
Grain Fz 6 (6, 6) 
Moisture Fg-Syn 8 5 (5, 5) 
(g kg'i) BCl 3 (3, 3) 
BC2 3 (3, 3) 
Root Fz 0.2 (0.2, 0.2) 
Lodging Fg-Syn 8 0.2 (0.2, 0.2) 
(%) BCl X" 
BC2 X 
Stalk Fz 0.4 (0.3, 0.5) 
Lodging Fz-Syn 8 1.1 (1.0, 1.2) 
(%) BCl 0.1 (0.0, 0.3) 
BC2 X 
Dropped Fz 0.1 (0.1, 0.1) 
Ears Fz-Syn 8 0.3 (0.3, 0.3) 
(%) BCl 0.2 (0.1, 0.2) 
BC2 X 
Ear Fz 4 (4, 4) 
Height Fa-Syn 8 4 (4, 4) 
(cm) BCl 3 (3, 3) 
BC2 3 (2, 3) 
Days after Fz 0.3 (0.3, 0.3) 
June 30 to Fz-Syn 8 0.4 (0.4, 0.4) 
Mid- BCl 0.3 (0.2, 0.3) 
Anthesis^ BC2 0.2 (0.2, 0.3) 
Days after Fz 0.2 (0.2, 0.3) 
June 30 to Fz-Syn 8 0.3 (0.3, 0.3) 
Mid-Silk BCl X 
Emergence^ BC2 0.2 (0.2, 0.3) 
®Not calculated due to genetic variance not significantly different 
from zero. 
^Evaluated at two environments. 
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D - 30% D 25% D - 20% 
AG(p) CI AG(p) CI AG(p) CI 
0.19 (0.17, 0.21) 0.21 <0.19, 0.24) 0.23 (0.21, 0.26) 
0.27 (0.25, 0.29) 0.29 (0.27, 0.32) 0.32 (0.29, 0.35) 
0.11 (0.07, 0.16) 0.13 (0.08, 0.17) 0.14 (0.08, 0.20) 
0.07 (0.02, 0.12) 0.08 (0.02, 0.13) 0.08 (0.02, 0.15) 
7 (7, 7) 8 (8, 8) 8 (8, 8) 
6 (6, 6) 6 (6, 6) 7 (7, 7) 
4 (4, 4) 5 (4, 5) 5 (5, 5) 
4 (4, 4) 4 (4, 4) 4 (4, 4) 
0.3 (0.3, 0.3) 0.3 (0.3, 0.3) 0.3 (0.3, 0.4) 
0.2 (0.2, 0.2) 0.2 (0.2, 0.3) 0.3 (0.2, 0.3) 
X X X 
X X X 
0.5 (0.3, 0.6) 0.5 (0.4, 0.6) 0.5 (0.4, 0.7) 
1.3 (1.2, 1.5) 1.5 (1.3, 1.6) 1.6 (1.5, 1.8) 
0.2 (-0.1. 0.4) 0.2 (-0.1, 0.4) 0.2 (-0.1, 0.5) 
X X X 
0.1 (0.1, 0.2) 0.2 (0.2, 0.2) 0.2 (0.2, 0.2) 
0.3 (0.3, 0.3) 0.4 (0.4, 0.4) 0.4 (0.4, 0.4) 
0.2 (0.2, 0.2) 0.2 (0.2, 0.2) 0.2 (0.2, 0.2) 
X X X 
5 (5. 5) 6 (5, 6) 6 (6, 6) 
5 (4, 5) 5 (5, 5) 5 (5. 6) 
3 (3, 4) 4 (3, 4) 4 (4, 4) 
3 (3, 3) 3 (3, 4) 4 (3, 4) 
0.3 (0.3, 0.3) 0.3 (0.3, 0.4) 0.4 (0.4, 0.4) 
0.5 (0.5, 0.5) 0.5 (0.5. 0.5) 0.6 (0.6, 0.6) 
0.3 (0.3, 0.3) 0.3 (0.3, 0.3) 0.4 (0.3, 0.4) 
0.3 (0.3, 0.3) 0.3 (0.3, 0.3) 0.4 (0.3, 0.4) 
0.3 (0.3, 0.3) 0.3 (0.3, 0.3) 0.3 (0.3, 0.4) 
0.4 (0.4, 0.4) 0.4 (0.4, 0.4) 0.5 (0.4, 0.5) 
X X X 
0.3 (0.3, 0.3) 0.3 (0.3, 0.3) 0.4 (0.3, 0.4) 
Table 7. (continued) 
p - 15% 
Trait Generation AG(p) CI 
Grain Fz 0.26 (0.22, 0.30) 
Yield Fg-Syn 8 0.36 (0.32, 0.40) 
(Mg ha-i) BCl 0.15 (0.08, 0.23) 
BC2 0.09 (0.01, 0.18) 
Grain Fz 9 (9, 9) 
Moisture Fz-Syn 8 8 (8, 8) 
(g kg'i) BCl 5 (5, 6) 
BG2 5 (5, 5) 
Root Fz 0.4 (0.3, 0.4) 
Lodging Fg-Syn 8 0.3 (0.2, 0.3) 
(%) BCl x" 
BC2 X 
S talk Fg 0.6 (0.4, 0.8) 
Lodging Fz-Syn 8 1.8 (1.6, 2.0) 
(%) BCl 0.2 (-0.2. 0.6) 
BC2 X 
Dropped Fz 0.2 (0.2, 0.2) 
Ears Fg-Syn 8 0.4 (0.4, 0.5) 
(%) BCl 0.2 (0.2, 0.3) 
BC2 X 
Ear Fz 7 (7, 7) 
Height Fz-Syn 8 6 (6, 6) 
(cm) BCl 5 (4, 5) 
BC2 4 (4, 5) 
Days after Fz 0.4 (0.4, 0.4) 
June 30 to Fg-Syn 8 0.6 (0.6, 0.7) 
Mid- BCl 0.4 (0.4, 0.4) 
Anthesis'' BC2 0.4 (0.4, 0.4) 
Days after Fz 0.4 (0.4, 0.4) 
June 30 to Fg-Syn 8 0.5 (0.5, 0.5) 
Mid-Silk BCl X 
Emergence'' BC2 0.4 (0.3, 0.4) 
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D - 10% TJ - 5% D - 1% 
AG(p) CI AG(p) CI AG(p) CI 
0,29 (0.25, 0,34) 0.35 (0.28, 0.41) 0,45 (0.34, 0.55) 
0.41 (0.36, 0.45) 0.48 (0.41, 0.54) 0.62 (0,51, 0.73) 
0.17 (0.08, 0.27) 0.20 (0.08, 0.33) 0.26 (0.05, 0,48) 
0.11 (0.00, 0.21) 0.12 (-0.02, 0.27) 0.16 (-0.09, 0.41) 
11 (10, 11) 12 (12, 13) 16 (16, 16) 
9 (9, 9) 10 (10, 10) 13 (13, 13) 
6 (6, 6) 7 (7, 7) 9 (9, 10) 
5 (5, 5) 6 (6, 6) 8 (8, 8) 
0,4 (0.4, 0,5) 0.5 (0.4, 0.6) 0.6 (0.5, 0.7) 
0.3 (0,3, 0.4) 0.4 (0.3, 0.5) 0.5 (0.3, 0,6) 
X X X 
X X X 
0.7 (0,4, 0.9) 0.8 (0.5, 1.2) 1.0 (0.5, 1.6) 
2,0 (1.8, 2.3) 2.4 (2,0, 2.7) 3.1 (2.5, 3.7) 
0.3 (-0.3, 0.8) 0.3 (-0.4, 1.0) 0.4 (-0.8, 1.5) 
X X X 
0.2 (0.2, 0,2) 0.3 (0.2, 0.3) 0.3 (0.3, 0.4) 
0.5 (0.5, 0,5) 0.6 (0.6, 0.6) 0.8 (0.7, 0.8) 
0,3 (0,2, 0,3) 0.3 (0.3, 0.4) 0.4 (0.3, 0.5) 
X X X 
8 (7, 8) 9 (9, 10) 11 (11, 13) 
7 (6, 7) 8 (8, 8) 10 (10, 11) 
5 (5, 6) 6 (5, 7) 8 (7, 9) 
5 (4, 5) 5 (5, 6) 7 (6, 8) 
0.5 (0.5, 0.5) 0.6 (0.5, 0.6) 0,7 (0.7, 0.8) 
0.7 (0.7, 0.7) 0.8 (0.8, 0.9) 1,1 (1.1, 1.1) 
0.5 (0.4, 0.5) 0,5 (0.5, 0,6) 0,7 (0.6, 0.7) 
0,4 (0.4, 0,5) 0.5 (0,5, 0.6) 0,7 (0.6, 0.7) 
0.4 (0,4, 0,5) 0.5 (0.5, 0.5) 0,7 (0.6, 0.7) 
0.6 (0.6, 0.6) 0.7 (0.6, 0.7) 0.9 (0.8, 0.9) 
X X X 
0.4 (0.4, 0.5) 0.5 (0,4, 0,6) 0.7 (0.6, 0.8) 
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testcrosses. For grain yield, Fg-Syn 8 was followed by Fg, BCl, and BC2 in 
declining order of selection response. Predicted selection response was 
generally smaller in backcross generations than either Fg or Fg-Syn 8 
generations for all traits. 
Under low selection intensity (p - 40%), the BC2 generation had the 
greatest usefulness for grain yield (Table 8). However, under higher 
selection intensities (p < 15%), the Fg generation had the greatest 
usefulness. For extremely high selection intensity (p - 1%), the Fg 
generation had the greatest usefulness for grain yield, grain moisture, and 
root lodging. The Fg-Syn 8 generation had greatest usefulness for all other 
traits at p - 1%. 
Correlations 
Phenotypic correlations among traits were generally consistent across 
testcross generations, most covering a range smaller than 0.20 (Table 9). 
Ear height was significantly positively correlated with nearly all other 
traits in the study. Grain yield correlations with other traits fell into 
the range of ± 0.20, with the exceptions of Fg, BCl, and BC2 with ear 
height and BCl with grain moisture. Genotypic correlations were rather 
sporadic due to many of the genetic variances being small or not 
significantly different than zero (Table 10). Ear height, again, was 
positively correlated with nearly all other traits. 
Table 8. Means, predicted selection responses [AG(p)] with standard 
errors, and predicted usefulnesses [U(p)] at p selection 
intensity of testcross progeny from Fg, Fg-Syn 8, BCl, and BC2 
generations grown at seven environments 
p — 40% 
Trait Generation Mean AG(p) ± SE U(p) 
Grain Fz 6.98 0.16 ± 0.01 7.14 
Yield Fo-Syn 8 6.71 0.22 ± 0.01 6.93 
(Mg ha-i) BCl 6.83 0.10 ± 0.01 6.93 
BC2 7.14 0.06 ± 0.02 7.20 
Grain Fz 167 6 ± 0 161 
Moisture Fo-Syn 8 165 5 ± 0 160 
(g kg'i) BCl 167 3 ± 0 164 
BC2 170 3 ± 0 167 
Root Fz 1.9 0.2 ± 0,0 1.7 
Lodging Fg-Syn 8 2.0 0.2 ± 0.0 1.8 
(%) BCl 1.6 x« X 
BC2 2.1 X X 
Stalk Fz 13.8 0.4 ± 0.0 13.4 
Lodging Fz-Syn 8 13.0 1.1 ± 0.0 11.9 
(%) BCl 13.0 0.1 ± 0.1 12.9 
BC2 14.7 X X 
Dropped Fz 1.1 0.1 ± 0.0 1.0 
Ears Fg-Syn 8 1.2 0.3 ± 0.0 0.9 
(%) BCl 1.3 0.2 ± 0.0 1.1 
BC2 1.0 X X 
Ear Fz 121 4 ± 0 117 
Height Fg-Syn 8 118 4 ± 0 114 
(cm) BCl 119 3 ± 0 116 
BC2 122 3 ± 0 121 
Days after Fz 21.4 0.3 ± 0.0 21.1 
June 30 to Fz-Syn 8 21.1 0.4 ± 0.0 20.7 
Mid- BCl 21.2 0.3 ± 0.0 20.9 
Anthesis^ BC2 21.4 0.2 ± 0.0 21.2 
Days after Fz 23.1 0.2 ± 0.0 22.9 
June 30 to Fz-Syn 8 23.0 0.3 ± 0.0 22.7 
Mid-Silk BCl 23.0 X X 
Emergence^ BC2 23.2 0.2 ± 0.0 23.0 
"Not calculated due to gentic variance not significantly different 
from zero. 
^Evaluated at two environments. 
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TJ - 30% x> - 25% t) - 20% 
AG(p) ± SE U(p) AG(p) ± SE U(p) AG(p) ± SE U(p) 
0.19 ± 0.01 7.17 0.21 ± 0 .01 7.19 0.23 ± 0.01 7.21 
0.27 ± 0.01 6.98 0.29 ± 0 .01 7.00 0.32 ± 0.02 7.03 
0.11 ± 0.02 6.94 0.13 ± 0 .02 6.96 0.14 ± 0.03 6.97 
0.07 ± 0.02 7.21 0.08 ± 0 .03 7.22 0.08 ± 0.03 7.22 
7 ± 0 160 8 ± 0 159 8 ± 0 159 
6 ± 0 159 6 ± 0 159 7 ± 0 158 
4 ± 0 163 5 ± 0 162 5 ± 0 162 
4 ± 0 166 4 ± 0 166 4 ± 0 166 
0.3 ± 0.0 1.6 0.3 ± 0 .0 1.6 0.3 ± 0.0 1.6 
0.2 ± 0.0 1.8 0.2 ± 0 .0 1.8 0.3 ± 0.0 1.7 
X X X X X X 
X X X X X X 
0.5 ± 0.1 13.3 0.5 ± 0 .1 13.3 0.5 ± 0.1 13.3 
1.3 ± 0.1 11.7 1.5 ± 0 .1 11.5 1.6 ± 0.1 11.4 
0.2 ± 0.1 12.8 0.2 ± 0, .1 12.8 0.2 ± 0.2 12.8 
X X X X X X 
0.1 ± 0.0 1.0 0.2 ± 0.0 0.9 0.2 ± 0.0 0.9 
0.3 ± 0.0 0.9 0.4 ± 0, ,0 0.8 0.4 ± 0.0 0.8 
0.2 ± 0.0 1.1 0.2 ± 0, ,0 1.1 0.2 ± 0.0 1.1 
X X X X X X 
5 ± 0 116 6 ± 0 115 6 ± 0 115 
5 ± 0 113 5 ± 0 113 5 ± 0 113 
3 ± 0 116 4 ± 0 115 4 ± 0 115 
3 ± 0 119 3 ± 0 119 4 ± 0 118 
0.3 ± 0.0 21.1 0.3 ± 0. 0 21.1 0.4 ± 0.0 21.0 
0.5 ± 0.0 20.6 0.5 ± 0. 0 20.6 0.6 ± 0.0 20.5 
0.3 ± 0.0 20.9 0.3 ± 0. 0 20.9 0.4 ± 0.0 20.8 
0.3 ± 0.0 21.1 0.3 ± 0. 0 21.1 0.4 ± 0.0 21.0 
0.3 ± 0.0 22.8 0.3 ± 0. 0 22.8 0.4 ± 0.0 22.7 
0.4 ± 0.0 22.6 0.4 ± 0. 0 22.6 0.5 ± 0.0 22.5 
X X X X X X 
0.3 ± 0.0 22.9 0.3 ± 0. 0 22.9 0.3 ± 0.0 22.9 
Table 8. (continued) 
p - 15% 
Trait Generation Mean AG(p) ± SE U(p) 
Grain Fz 6.98 0.26 ± 0.02 7.24 
Yield F2-Syn 8 6.71 0.36 ± 0.02 7.07 
(Mg ha'i) BCl 6.83 0.15 ± 0.04 6.98 
BC2 7.14 0.09 ± 0.04 7.23 
Grain Fz 167 9 ± 0 158 
Moisture Fg-Syn 8 165 8 ± 0 157 
(g kg'i) BCl 167 5 ± 0 162 
BG2 170 5 ± 0 165 
Root Fz 1.9 0.4 ± 0.0 1.5 
Lodging Fg-Syn 8 2.0 0.3 ± 0.0 1.7 
(%) BCl 1.6 X X 
BC2 2.1 X X 
S talk Fz 13.8 0.6 ± 0.1 13.2 
Lodging Fg-Syn 8 13.0 1.8 ± 0.1 11.2 
(%) BCl 13.0 0.2 ± 0.2 12.8 
BC2 14.7 X X 
Dropped Fz 1.1 0.2 ± 0.0 0.9 
Ears Fg-Syn 8 1.2 0.4 ± 0.0 0.8 
(%) BCl 1.3 0.2 ± 0.0 1.1 
BC2 1.0 X X 
Ear Fz 121 7 ± 0 114 
Height Fg-Syn 8 118 6 ± 0 112 
(cm) BCl 119 5 ± 0 114 
BC2 122 4 ± 0 118 
Days after Fz 21.4 0.4 ± 0.0 21.0 
June 30 to F2-Syn 8 21.1 0.6 ± 0.0 20.5 
Mid- BCl 21.2 0.4 ± 0.0 20.8 
Anthesisb BC2 21.4 0.4 ± 0.0 21.0 
Days after Fz 23.1 0.4 ± 0.0 22.7 
June 30 to F2-Syn 8 23.0 0.5 ± 0.0 22.5 
Mid-Silk BCl 23.0 X X 
Emergence'' BC2 23.2 0.4 ± 0.0 22.8 
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D - 10% D - 5% D - 1% 
AG(p) ± SE U(p) AG(p) ± SE U(p) AG(p) ± SE U(p) 
0.29 ± 0.02 7.27 0.35 ± 0.03 7.33 0.45 ± 0.05 7.43 
0.41 ± 0.02 7.12 0.48 ± 0.03 7.19 0.62 ± 0.06 7.33 
0.17 ± 0.05 7.00 0.20 ± 0.07 7.03 0.26 ± 0.11 7.09 
0.11 ± 0.05 7.25 0.12 ± 0.08 7.26 0.16 ± 0.13 7.30 
11 ± 0 156 12 ± 0 155 16 ± 0 151 
8 ± 0 157 10 ± 0 155 13 ± 0 152 
6 ± 0 161 7 ± 0 160 9 ± 0 158 
5 ± 0 165 6 ± 0 164 8 ± 0 162 
0.4 ± 0.0 1.5 0.5 ± 0.0 1.4 0.6 ± 0.1 1.3 
0.3 ± 0.0 1.7 0.4 ± 0.0 1.6 0.5 ± 0.1 1.5 
X X X X X X 
X X X X X X 
0.7 ± 0.1 13.1 0.8 ± 0.2 13.0 1.0 ± 0.3 12.8 
2.0 ± 0.1 11.0 2.4 ± 0.2 10.6 3.1 ± 0.3 9.9 
0.3 ± 0.3 12.7 0.3 ± 0.4 12.7 0.4 ± 0.6 12.6 
X X X X X X 
0.2 ± 0.0 0.9 0.3 ± 0.0 0.8 0.3 ± 0.0 0.8 
0.5 ± 0.0 0.7 0.6 ± 0.0 0.6 0.8 ± 0.0 0.4 
0.3 ± 0.0 1.0 0.3 ± 0.0 1.0 0.4 ± 0.0 0.9 
X X X X X X 
8 ± 0 113 9 ± 0 112 12 ± 1 109 
7 ± 0 111 8 ± 0 110 10 ± 0 108 
5 ± 0 114 6 ± 0 113 8 ± 1 111 
5 ± 0 117 5 ± 0 117 7 ± 1 115 
0.5 ± 0.0 20.9 0.6 ± 0.0 20.8 0.7 ± 0.0 20.7 
0.7 ± 0.0 20.4 0.8 ± 0.0 20.3 1.1 ± 0.0 20.0 
0.5 ± 0.0 20.7 0.5 ± 0.0 20.7 0.7 ± 0.0 20.5 
0.4 ± 0.0 21.0 0.5 ± 0.0 20.9 0.7 ± 0.0 20.7 
0.4 ± 0.0 22.7 0.5 ± 0.0 22.6 0.7 ± 0.0 22.4 
0.6 ± 0.0 22.4 0.7 ± 0.0 22.3 0.9 ± 0.0 22.1 
X X X X X X 
0.4 ± 0.0 22.8 0.5 ± 0.0 22.7 0.7 ± 0.1 22.5 
Table 9. Phenotypic correlation coefficients among testcross progenies of 






















































































"Evaluated at two environments. 
*'**Significant correlation at the 0.05 and 0.01 probability levels, 
respectively. 
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Dropped Ear Davs after June 30 to 
Ears Height Mid- Mid-Silk 
(%) (cm) Anthesis® Emergence® 
-0.07 0.35** -0.02 -0.09 
-0.09 0.18 0.08 0.01 
0.14 0.34* -0.08 -0.11 
-0.03 0.28* 0.10 -0.06 
-0.12 0.23* 0.47** 0.48** 
-0.08 -0.24* -0.20* -0.44** 
0.05 0.07 0.33* 0.18 
0.01 0.27 0.08 0.22 
-0.06 0.27** -0.08 -0.25* 
-0.06 0.23* -0.11 -0.12 
0.07 0.36** 0.20 -0.08 
0.39** 0.31* 0.19 0.16 
0.03 0.35** 0.24* 0.18 
0.14 0.33** 0.07 -0.15 
-0.13 0.32* 0.21 0.21 
-0.16 0.10 -0.04 -0.15 
0.20* -0.12 -0.17 
0.21* 0.14 0.11 
0.20 0.14 -0.01 









Table 10. Genotypic correlation coefficients among testcross progenies of 






















































































^Evaluated at two environments. 



























































Evidence for Eplstasis 
The presence of eplstasis in elite germplasm may affect decisions 
concerning the type of segregating population to develop for second cycle 
breeding. Melchinger (1987) and Melchinger et al. (1988) presented several 
tests for the presence of eplstasis in the testcross generations. Direct 
estimates of eplstasis can be obtained by using the generation coefficients 
of the models in a comparison of the testcross generation means. The first 
test of eplstasis Is a direct estimate by a comparison of the average 
parental testcross mean with the Fg testcross mean. The observed difference 
between the average parental and the Fg testcross mean was 0.28 Mg ha"^ for 
grain yield (Table 3). The first estimate of eplstasis is related to the 
second estimate and is a comparison of the average backcross testcross mean 
with the Fg testcross mean. The average backcross minus the Fg mean should, 
by theory, be one-fourth of the first estimate as Indicated by the 
generation coefficients used in the models. The expected difference of the 
average BC - Fg testcross mean is therefore, (0.28) * (0.25) - 0.07 Mg 
ha'i. The observed average BC and Fg testcross means were identical. The 
discrepancy Indicates that significant epistatic effects observed in the 
parental testcrosses were not recovered by one generation of backcrosslng 
or that there was a balance of positive and negative epistatic effects in 
the backcross. A further explanation of the lack of eplstasis in the 
backcross generation may be that the sampling of 100 backcross Individuals 
was inadequate. A limitation to measuring eplstasis using means is that 
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only net effects are observed and canceling of positive and negative 
effects is not detected. 
Comparison of genetic variances among testcross generations also 
provides a test for the presence of epistasis. Melchinger et al. (1988) 
indicated the backcross generation genetic variance estimates should be 
equal in the absence of epistasis. The observed genetic variances were 3.06 
* 10"^ for BCl and 1.85 * 10"^ for BC2 for grain yield. Although the 
estimates were not equal, they also were not significantly different using 
approximate 90% confidence intervals (Table 5). One could argue, however, 
that the estimates were not equal because the BC2 genetic variance estimate 
was not significantly different from zero while the BCl estimate was 
significantly different from zero (Table 2). 
The expected ratio of the average backcross to the Fg genetic 
variance is 0.50 in the absence of epistasis and increases to 0.58 for 
equal contributions of nonepistatic and epistatic effects (Melchinger et 
al., 1988). Based on the results of means comparison indicating the 
presence of epistasis, the expected value of the ratio should be near, but 
less than 0.58. The observed ratio of 0.42 for grain yield (Table 5) falls 
outside the expected ratio range. The large deviation of the observed from 
the expected ratio may be a consequence of a general lack of genetic 
variance within the BC2 generation testcross. The BC1:F2 and BC2:F2 genetic 
variance ratios should also range between 0.50 and 0.58 depending on the 
contribution of epistatic effects. The BC1:F2 genetic variance ratio of 
0.53 indicates that main effects are the major contributor to variation but 
that epistatic effects are also present in the BCl generation testcross. 
The BC2:F2 genetic variance ratio of 0.32 falls well outside the range of 
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expected values. This again could be attributed to a lack of significant 
genetic variance in the BC2 generation testcross and should not be 
construed to mean a lack of epistatic effects. 
A direct estimate of one-eighth the epistatic genetic variance can be 
calculated by subtracting the genetic variance from the sum of the BCl 
and BC2 genetic variances (Melchinger, 1987). The observed difference is 
-0.89 * 10'^ for grain yield. Although a true negative value of epistatic 
variance is not attainable, the negative estimate should be viewed as 
indicating that the epistatic genetic variance is near zero. Once again, 
the results of variance component comparisons may be biased by the 
nonsignificant genetic variance within the BC2 generation testcross. 
Comparisons of predicted selection responses, which are a function of 
selection intensity, genetic variance, and heritability, can also be used 
to test for the presence of epistasis. Melchinger et al. (1988) stated that 
the BCl and BC2 predicted selection responses should be identical in the 
absence of epistasis. The observed backcross predicted selection responses 
were 0.10 Mg ha'i for BCl and 0.06 Mg ha"^ for BC2 at a low (p - 40%) 
selection intensity and approximate 90% confidence intervals confirmed that 
these values were significantly different (Table 7). At a high selection 
intensity (p - 5%), the predicted selection responses were 0,20 Mg ha'^ for 
BCl and 0.12 Mg ha"^ for BC2. Although the predicted selection responses 
were not identical at a high selection intensity, approximate 90% 
confidence intervals indicated these values could not be declared 
significantly different. 
Likewise, the ratio of the backcross with the Fg predicted selection 
response gives another test of epistasis. Melchinger et al. (1988) stated 
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that the ratio of BCliFg and BCZiFg predicted selection responses should 
fall within the range 0.50-0.71 in the absence of epistasis. The ratio will 
be near 0.50 if the genotype by environment and error variances are large 
compared to the genetic variances and near 0,71 if they are small relative 
to the genetic variances. The BCliFg predicted selection response ratio for 
grain yield fell within the nonepistatic range for both low and high 
selection intensities, 0.63 and 0.57, respectively. The BC2:Fg predicted 
selection response ratio, however, fell well outside the nonepistatic 
range, 0.38 under low selection intensity and 0.34 under high selection 
intensity. Caution should be used when interpreting the BCZiFg ratio 
because the estimate of genetic variance was not significantly different 
from zero while the genotype by environment variance estimate was 
significantly greater than zero and nearly nine times larger than the 
genetic variance estimate. 
The final test of epistasis is obtained by equating the generation 
testcross means to Melchinger's (1987) models. Model 1 allows for the 
presence of linkage while testing for the absence of digenic epistasis. 
Each generation testcross mean is simply a linear function of the amount of 
germplasm present from each parent. The least squares estimate of the Model 
1 equation for grain yield explains 83.2% of the variation (Table 3). This 
infers that the percent germplasm from each parent is a major contributor 
to testcross performance. The Chi-square goodness-of-fit test, however, 
indicates that the Model 1 equation does not adequately fit the grain yield 
data. 
Model 2 tests for the presence of digenic epistasis in the absence of 
linkage. Model 2 provides a direct estimate of the additive by additive 
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eplstasls summed over loci. Because summation of positive and negative 
effects can lead to cancellation, the estimate is generally considered a 
conservative estimate of the epistatic effect on testcross performance. 
Fitting Model 2 to the grain yield generation testcross means lowered the 
estimate of the F2 population mean in gametic equilibrium while the 
estimate of main effects remained the same as in Model 1 (Table 3). The 
difference in the estimates of the F2 population mean in gametic 
equilibrium indicates that the Model 1 estimate contained an epistatic 
bias. The additive by additive epistatic effect estimate was 0.20 Mg ha'^. 
The Model 2 equation explained 92.4% of the variation for grain yield and 
the Chi-square test revealed an adequate fit of the model to the data. The 
0.20 Mg ha'i estimate of epistasis is in relatively good agreement with the 
0.28 Mg ha'i estimate obtained by a comparison of the average parental 
versus Fg generation testcross mean. The least squares estimate should be 
considered a more accurate estimate however, because it utilizes 
information from the backcross generations. 
The nonepistatic model (Model 1) adequately fit the data for all 
other measured traits with the exception of ear height (Table 3). The 
epistatic model increased the coefficient of determination, but also failed 
to adequately fit the data for ear height. This would indicate that there 
is a higher order of epistasis significantly contributing to ear height of 
progenies developed from B73 x 384. For the remaining traits, the fit of 
Model 1 indicates that the testcross performance of the generation 
testcrosses can be adequately predicted from the testcross performance of 
the parents without consideration for epistasis. 
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Melchinger et al. (1988) did not obtain a significant estimate of 
epistasis for grain yield. They did, however, detect higher order epistasis 
for grain yield, which was not found in this study. Generation testcross 
mean comparison revealed -0.06 and 0.04 Mg ha"^ estimates of epistasis from 
the average parental and average backcross versus F2 testcross means, 
respectively. Although the backcross genetic variance estimates were not 
equal, the ratio of the average BC to Fg genetic variance was 0,51. They 
concluded that since epistasis was of minor importance, the testcross 
performance of the Fg, BCl, and BC2 generations could be adequately 
estimated by the parental testcross performance. Melchinger et al. (1988) 
did find significant epistatic effects for grain dry matter content, forage 
dry matter content, and root lodging resistance. However, because of the 
estimates of epistasis and the large coefficients of determination for 
Model 1, they concluded that epistasis was of minor importance to testcross 
performance in their populations. A limitation to the Melchinger et al. 
study is that the data were collected at only three locations for grain 
traits and two locations for forage traits in one year with a limited 
number of progeny. 
Comparison of the Fg and Fg-Syn 8 Testcross Populations 
The ideal segregating population contains a favorable mean and 
adequate genetic variance to allow for improvement through selection. 
Gametic phase disequilibrium can be a limit to selection in segregating 
populations developed from elite inbred lines for second cycle breeding. 
Random mating has therefore been suggested to break unfavorable linkage 
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blocks to increase the genetic variance while maintaining the population 
mean. 
Comparison of the testcross means for the Fg and Fg-Syn 8 generations 
revealed a significant (0.27 Mg ha"^) difference for grain yield (Table 3). 
Previous data in this study has indicated that there is significant 
epistasis for grain yield within at least one of the inbred lines B73 and 
B84. The reduction in yield therefore, may be due to separating the pairs 
of alleles that have been contributing to the net positive epistatic effect 
in the Fg generation testcross. The reduction described above has been 
referred to as epistatic recombination loss (Melchinger et al,, 1988), The 
epistatic recombination loss using the comparison to the average parental 
testcross mean was 0.55 Mg ha"^ for grain yield. 
The Fg and Fg-Syn 8 generation testcrosses also differed 
significantly in genetic variance (5.80 * 10"% versus 9.02 * 10"%, 
respectively) for grain yield (Table 5). The increased genetic variance was 
also associated with a small decrease in the genotype by environment 
variance. The Fg-Syn 8 generation testcross therefore, contained greater 
genetic variance for grain yield while being somewhat more stable across 
environments. The increase in genetic variance and decrease in genotype by 
environment variance resulted in a significant increase in heritability 
(Table 5) and a significantly greater predicted selection response across 
selection intensities (Table 7). Conversely, a reduction in phenotypic 
(Table 9) and genotypic (Table 10) correlations among traits with grain 
yield were noticed after random mating the Fg population. 
The random mating population also had more root lodging and dropped 
ears (Table 3), although the differences were not significant from the Fg 
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population. However, the random mated population had significant lower 
means for grain moisture, stalk lodging, ear height, anthesis date, and 
silking date. The random mated population also had lower genetic variance 
for grain moisture and ear height. The improvement in the means for these 
traits coupled with the reduction in genetic variance may be possibly 
explained by unintentional selection during the random mating process. 
Another important consideration in determining the value of random 
mating is the time requirement. The population studied in this experiment 
underwent eight generations of random mating. The use of a winter nursery 
could reduce the actual number of years required to obtain the population. 
For random mating to be efficient, the gain in the population due to random 
mating must be greater than the gain from an equivalent period of selection 
within the Fg population. The Fg-Syn 8 population had the lowest usefulness 
of all generations for all traits studied when generation time was 
considered. 
Several previous studies have also found reduced means with 
generations of random mating. Moreno-Gonzalez and Dudley (1981) observed 
approximately 4% epistatic recombination loss for grain yield with two 
generations of random mating. They used elite U.S. Corn Belt germplasm and 
the estimated recombination loss was based on the population per se 
performance. 
Covarrubias-Prieto et al. (1989) observed a 0.70 Mg ha"^ reduction 
after three generations and 0.05 Mg ha"^ reduction after six generations of 
random mating the cross of inbred lines B73 x 584. Comparing the Fg and Fg-
Syn 5 populations of B73 x B84, they observed an increase in the genotype 
by environment variance and the heritability for grain yield. They 
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concluded, however, that there was no evidence that random mating was 
efficient for increasing the probability of recovering desirable 
recombinants. 
Han and Hallauer (1989) also evaluated the effects of five 
generations of random mating within the cross of elite inbreds B73 and B84. 
Their results showed little change in the genetic variance of the 
population per se after random mating. The additive genetic variance 
estimate was relatively unchanged while the dominance variance estimate 
decreased with random mating. They concluded that five generations of 
random mating were unable to increase the genetic variance. 
Implications for Applied Breeding Programs 
One of the most important decisions in a second cycle breeding 
program regards the type of segregating population to develop for 
selection. Melchinger (1987) indicated that F2 and backcross populations 
offer equal alternatives regarding time, labor, level of inbreeding, and 
amount of genetic variance released within lines in subsequent selfing 
generations if linkage and epistasis are of minor importance. The choice of 
segregating population can therefore be based on properties of the first 
segregating generations. 
Several statistical descriptors are available to the breeder to aide 
in making the choice of segregating population. Means, variances, 
heritabilities, correlations, and selection responses are just a few of the 
possible statistics that help characterize a population. Taken 
individually, these statistics can lead to different choices of population 
types. For example, the BC2 population had the highest mean for grain yield 
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(Table 3), while the Fg-Syn 8 generation had the greatest genetic variance, 
heritability (Table 5), and predicted selection response (Table 7). 
Schnell's (1983) usefulness criterion provides a summary statistic 
combining the mean and the predicted selection response. The usefulness 
statistic also allows breeders to identify superior segregating populations 
under varying selection intensities. 
The superior type of segregating population under low selection 
intensities for grain yield is the BC2 generation on the basis of the 
usefulness statistic (Table 8). A low selection intensity places more value 
on the initial mean of the population than on the predicted selection 
response. The usefulness statistic places greater emphasis on the predicted 
selection response as the selection intensity increases. Because the BC2 
generation testcross contained nonsignificant genetic variance, the 
predicted selection response for this generation was low. Thus, under high 
selection intensities, the BC2 generation did not attain an increase in 
usefulness similar to that of generations containing significant genetic 
variance. The F2 generation had the greatest usefulness under high 
selection intensities. 
Second cycle breeding requires maize breeders to develop several 
segregating populations each year. The breeders generally do not have the 
resources to determine the superior type of segregating population for each 
elite inbred cross. The breeder therefore, must make an educated decision 
based on previous research and past experience. Information on generation 
testcross performance has been unavailable until Melchinger (1987) 
developed the appropriate theory and Melchinger et al. (1988) and the 
current study provided empirical evidence for a limited reference 
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population. Most U.S. maize breeding programs utilize high selection 
intensities and the results found here indicate that the Fg generation is 
the superior type of segregating generation when selecting for grain yield. 
A limitation to the recommendation is that the study applies only to elite 
inbred lines B73 and B84. 
Melchinger et al. (1988) also concluded that the Fg was likely to be 
the superior segregating population when (1) the differences in the 
testcross means of the Fg and BC populations are small compared to 
appropriate genotypic standard deviations, (2) the heritability of the 
selection criterion is high, and (3) a high selection intensity is applied. 
They also indicated the generation testcross means could be adequately 
predicted from the parental testcross means when epistasis was absent. But, 
the genetic variances associated with the generations was not attainable 
without additional information. 
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CONCLUSIONS 
Results of this study indicate that significant positive epistatic 
effects for grain yield are present in at least one of the elite inbred 
line parents. Regarding the choice between Fg and backcross populations, 
the probability of epistatic recombination losses is smaller under 
backcrossing than under selfing. Therefore, theory would indicate that the 
presence of epistasis suggests using a backcross generation as a 
segregating population. Because of a lack of significant genetic variance 
in the sampled backcross population, however, the superior backcross 
generation (BC2) had lower usefulness under high selection intensity than 
the Fg generation. Therefore, epistasis was of minor importance when 
considering the type of segregating population to produce for second cycle 
breeding under high selection intensity for grain yield. 
The conclusion regarding the importance of epistasis to testcross 
performance may have been biased by a lack of genetic variance in the BC2 
generation. Applied breeding programs generally produce an average of 500 
progeny per segregating population (Bauman, 1977). Only 50 backcross 
progeny per parent were produced for this study. The possibility exists 
that significant genetic variance would be present in a population of 500 
backcross individuals and the usefulness would be greater than the Fg 
generation. Future studies examining epistasis and linkage should also 
utilize selfing generations derived from the Fg and backcross populations. 
The inclusion of these selfed generations will allow Melchinger's (1987) 
models testing for the lack of epistasis and linkage and presence of 
epistasis with linkage to be utilized. 
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The Fg-Syn 8 generation testcross had significantly greater genetic 
variance while a significantly lower testcross mean for grain yield. The 
significantly greater genetic variance in the random mated population may 
be misleading since a comparison of the Fg, and Fg-Syn 8 distributions 
revealed a lack of higher segregates in the Fg-Syn 8 generation testcross. 
Due to its lower testcross mean, the random mated population also had lower 
usefulness for grain yield. Therefore, random mating the Fg population was 
of little value considering the increase in time required to produce 
testcrosses when the primary consideration is selection of individuals for 
increased grain yield. 
Applied breeding programs conducting second cycle breeding generally 
utilize high selection intensities in elite populations. The objective in a 
majority of second cycle programs is to identify a line which produces a 
higher yielding hybrid than those currently available. The usefulness 
statistic indicates that for elite inbred lines B73 and B84, the Fg 
generation is the superior segregating population in which to initiate 
selection. Extrapolation of these results to other elite line crosses 
should be cautioned since conclusions drawn are specific to the germplasm 
utilized. Future studies using other elite inbred lines should provide 
evidence for trends regarding the superior type of segregating population 
to be employed in second cycle breeding. 
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